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(57) Abstract: A method for inhibiting and/or ameliorating the occurrence of diseases associated with reactive oxygen species, 
reactive nitrogen species, radicals and/or non-radicals in a subject whereby a subject is administered a carotenoid structural analog, 
either alone or in combination with another carotenoid analog, or co- antioxidant formulation. The analog or analog combination is 
administered such that the subject's risk of experiencing diseases associated with reactive oxygen species, reactive nitrogen species, 
radicals and/or non-radicals may be thereby reduced. The analog or analog combination may be administered to a subject for the 
inhibition and/or amelioration of ischemia-reperfusion injury. The analog or analog combination may be administered to a subject 
for the inhibition and/or amelioration of liver disease. The analog or analog combination may be administered to a subject for the 
inhibition and/or amelioration of cancer. The analog or analog combination may be administered to a subject for the inhibition 
and/or amelioration of cardiac arrhythmia and/or sudden cardiac death. The analog or analog combination may be administered to 
a subject for the inhibition and/or amelioration of any disease that involves production of reactive oxygen species, reactive nitrogen 
species, radicals and/or non-radicals. In one embodiment, a water-soluble and/or water-dispersible astaxanthin analog is particularly 
effective. This invention further includes pharmaceutical compositions comprising structural carotenoid analogs either alone or in 
combination. 
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TITLE: STRUCTURAL CAROTENOID ANALOGS FOR THE INHIBITION AND AMELIORATION OF 

DISEASE 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention generally relates to the fields of medicinal and synthetic chemistry. More specifically, the 
invention relates to the synthesis and use of carotenoid analogs. 

2. Description of the Relevant Art 

Cardiovascular disease (CVD), and specifically coronary artery disease (CAD), remains the leading cause 
of death in the United States and worldwide. CVD is a leading cause of mortality and morbidity in the world. 
Small to moderate reductions in cardiovascular risk, which lead to decreased emergency department visits and 
hospitalizations for acute coronary syndromes, can yield substantial clinical and public health benefits. 

Extensive research with antioxidants has shown that they are effective therapeutic agents in the primary 
and secondary prevention of cardiovascular disease. CVD remains the leading cause of death for all races in the 
U.S.; now, approximately 60 million Americans have some form of CVD. Life expectancy in the U.S. would 
increase by almost 7 years if CVD could be eliminated. The absolute number of deaths due to CVD has fallen since 
1996; however, it remains the single largest cause of death in the United States, with a total annual healthcare 
burden of greater than $300 billion (including heart attack and stroke). 

Ischemia is the lack of an adequate oxygenated blood supply to a particular tissue. Ischemia underlies 
many acute and chronic disease states including, but not limited to: 

• Myocardial infarction, or MI 

• Unstable angina 

• Stable angina pectoris 

• Abrupt reclosure following percutaneous transluminal coronary angioplasty (PTCA) 

• Thrombotic stroke (85% of the total number of strokes) 

• Embolic vascular occlusion 

• Peripheral vascular insufficiency 

• Organ transplantation 

• Deep venous thrombosis, or DVT 

• Indwelling catheter occlusion 

Ischemia may also become a problem in elective procedures such as: scheduled organ transplantation; scheduled 
coronary artery bypass graft surgery (CABG); and scheduled percutaneous transluminal coronary angioplasty 
(PTCA). Common to each of these settings is the phenomenon of reperfusion injury: the production of reactive 
oxygen species (ROS) upon reintroduction of oxygenated blood flow to a previously ischemic area, with subsequent 
paradoxical additional tissue damage. In particular, the use(s) of thrombolytic therapy in acute myocardial 
infarction (AMI) and acute thrombotic stroke — as well as surgical revascularization with PTCA — are typically 
associated with the reperfusion of ischemic myocardium and/or brain. Clinical outcome is improved with the 
achievement of early patency after acute thrombosis, however, not without cost (i.e., "reperfusion injury"). 
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Current therapy allows for reperfusion with pharmacologic agents, including recombinant tissue-type 
plasminogen activator (r-TPA), Anistreplase (APSAC), streptokinase, and urokinase. Recent studies have shown 
the best clinical outcome after AMI occurs with early surgical reperfusion. However, surgical reperfusion is 
available at only 15 to 20 percent of care centers in the United States, and much fewer worldwide. It is likely, 
therefore, that pharmacologic reperfusion will remain clinically relevant and important for the foreseeable future. 
Thrombolytic therapy is unsuccessful in reperfusion of about 20% of infarcted arteries. Of the arteries that are 
successfully reperfused, approximately 15% abruptly reclose (within 24 hours). Measures of systemic 
inflammation (e.g., serum levels of C-reactive protein or CRP) correlate strongly with clinical reclosure in these 
patients. Myocardial salvage appears to be maximal in a 2 to 6 hour "therapeutic window" subsequent to acute 
plaque rupture and thrombosis. In acute thrombotic or thromboembolic stroke, this therapeutic window is even 
narrower, generally less than 3 hours post-thrombosis. Recombinant tissue-type plasminogen activator 
administered within 3 hours of ischemic stroke significantly improves clinical outcome, but increases the risk of 
hemorrhage. 

During a period of ischemia, many cells undergo the biochemical and pathological changes associated with 
anoxia but remain potentially viable. These potentially viable cells are therefore the "battleground" in the 
reperfusion period. Ischemia creates changes in the affected tissue, with the potential final result of contraction 
band and/or coagulation necrosis of at-risk myocardium. Pathologic changes in ischemic myocardium include, but 
are not limited to: 

• Free radical and ROS production 

• ATP loss and defective ATP resynthesis 

• Creatine phosphate loss 

• Extracellular potassium loss 

• Active tension- generating capacity loss of myocardium 

• Cellular swelling 

• Acidosis 

• Loss of ionic homeostasis 

• Structural disorganization 

• Electrical instability and arrhythmogenesis 

• Lipid membrane peroxidation 

• Glutathione and other endogenous/exogenous antioxidant depletion (including vitamins C and E 
and carotenoids) 

Rescue of ischemic myocardium that has not irreversibly reached the threshold of necrosis is the focus of 
intervention in reperfusion injury. 

Gap junctions are a unique type of intercellular junction found in most animal cell types. They form 
aqueous channels that interconnect the cytoplasms of adjacent cells and enable the direct intercellular exchange of 
small (less than approximately 1 kiloDalton) cytoplasmic components. Gap junctions are created across the 
intervening extracellular space by the docking of two hemichannels ("connexons") contributed by each adjacent 
cell. Each hemichannel of is an oligomer of six connexin molecules. 



2 



WO 2004/011423 PCT/US2003/023706 
Connexin 43 was the second connexin gene discovered and it encodes one of the most widely expressed 
connexins in established cell lines and tissues. Gap junctions formed by connexin 43 have been implicated in 
development, cardiac function, and growth control. 

One common manifestation of CVD is cardiac arrhythmia. Cardiac arrhythmia is generally considered a 
disturbance of the electrical activity of the heart that manifests as an abnormality in heart rate or heart rhythm. 
Patients with a cardiac arrhythmia may experience a wide variety of symptoms ranging from palpitations to fainting 

("syncope"). 

The major connexin in the cardiovascular system is connexin 43. Gap junctional coordination of cellular 
responses among cells of the vascular wall, in particular the endothelial cells, is thought to be critical for the local 
modulation of vasomotor tone and for the maintenance of circulatory homeostasis. Controlling the upregulation of 
connexin 43 may also assist in the maintenance of electrical stability in cardiac tissue. Maintaining electrical 
stability in cardiac tissue may benefit the health of hundreds of thousands of people a year with some types of 
cardiovascular disease [e.g., ischemic heart disease QHD) and arrhythmia], and may prevent the occurrence of 
sudden cardiac death in patients at high risk for arrhythmia. 

Cancer is generally considered to be characterized by the uncontrolled, abnormal growth of cells. 
Connexin 43, as previously mentioned, is also associated with cellular growth control. Growth control by connexin 
43 is likely due to connexin 43*s association with gap junctional communication. Maintenance, restoration, or 
increases of functional gap junctional communication inhibits the proliferation of transformed cells. Therefore, 
upregulation and/or control of the availability of connexin 43 may potentially inhibit and/or ameliorate the spread of 
cancerous cells. 

Chronic liver injury, regardless of etiology, may lead to a progressive spectrum of pathology from acute 
and chronic inflammation, to early stage fibrosis, and finally to cirrhosis and end-stage liver disease (ESRD). A 
cascade of inflammatory events secondary to the initiating injury, including the release of cytokines and the 
formation of reactive oxygen species (ROS), activates hepatic stellate cells (HSC). HSC produce extracellular 
matrix components (ECM), including collagen, and are critical in the process which generates hepatic fibrosis. 

End-stage liver disease [manifested as either cirrhosis or hepatocellular carcinoma (HCC)] is the eighth 
leading cause of disease-related death in the United States. Chronic inflammation in the liver resulting from viral 
infection, alcohol abuse, drug-induced toxicity, iron and copper overload, and many other factors can initiate 
hepatic fibrosis. By-products of hepatocellular damage activate Kupffer cells, which then release a number of 
cytokines, ROS(including in particular superoxide anion), and other paracrine and autocrine factors which in turn 
act upon hepatic stellate cells (HSC). It is now believed that the lynchpin cell in the fibrogenetic cascade is the 
HSC, the cell type responsible for the production of ECM. In vitro evidence demonstrates that ROS can induce 
HSC cells. Elevated levels of indirect markers of oxidative stress (e.g., thiobarbituric acid reactive species or 
TB ARS) are observed in all patients with chronic liver disease. In addition, levels of gluthathione, glutathione 
peroxidase, superoxide dismutase, carotenoids, and a-tocopherol (vitamin E) are significantly lower in patients with 
chronic liver disease. Supplying these endogenous and/or exogenous antioxidants reverses many of the signs of 
chronic liver disease, including both surrogate markers for the disease process, as well as direct measurements of 
hepatic fibrosis. Therefore, they are likely potent agents for therapeutic intervention in liver disease. 
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SUMMARY 

In some embodiments, the administration of structural analogs of carotenoids may inhibit and/or 
ameliorate the occurrence of diseases in subjects. Maladies which may be treated with structural analogs of 
carotenoids may include any disease that involves production of reactive oxygen species and/or other radical 
species (for example singlet oxygen, a reactive oxygen species but not a radical). In some embodiments, water- 
soluble analogues of carotenoids may be used to treat a disease that involves production of reactive oxygen species. 
Oxidation of DNA, proteins, and lipids by reactive oxygen species and other radical and non-radical species has 
been implicated in a host of human diseases. Radicals may be the primary cause for the following conditions, may 
make the body more susceptible to other disease-initiating factors, may inhibit endogenous defenses and repair 
processes, and/or may enhance the progression of incipient disease(s). The administration of structural analogs of 
carotenoids by one skilled in the art - including consideration of the pharmacokinetics and pharmacodynamics of 
therapeutic drug delivery - is expected to inhibit and/or ameliorate said disease conditions. In the first category are 
those disease conditions in which a single organ is primary affected, and for which evidence exists that radicals 
and/or non-radicals are involved in the pathology of the disease. These examples are not to be seen as limiting, and 
additional disease conditions will be obvious to those skilled in the art. 

• Head, Eyes, Ears, Nose, and Throat: age-related macular degeneration (ARMD), retinal detachment, 
hypertensive retinal disease, uveitis, choroiditis, vitreitis, ocular hemorrhage, degenerative retinal damage, 
cataractogenesis and cataracts, retinopathy of prematurity, Meuniere's disease, drug-induced ototoxicity 
(including aminoglycoside and furosemide toxicity), infectious and idiopathic otitis, otitis media, infectious and 
allergic sinusitis, head and neck cancer; 

• Central Nervous System (brain and spinal cord): senile dementia (including Alzheimer's dementia), Neuman- 
Pick's disease, neurotoxin reactions, hyperbaric oxygen effects, Parkinson's disease, cerebral and spinal cord 
trauma, hypertensive cerebrovascular injury, stroke (thromboembolic, thrombotic, and hemorrhagic), infectious 
encephalitis and meningitis, allergic encephalomyelitis and other demyelinating diseases, amyotrophic lateral 
sclerosis (ALS), multiple sclerosis, neuronal ceroid lipofuscinoses, ataxia-telangiectasia syndrome, aluminum, 
iron, and other heavy metal(s) overload, primary brain carcinoma/malignancy and brain metastases; 

• Cardiovascular: arteriosclerosis, atherosclerosis, peripheral vascular disease, myocardial infarction, chronic 
stable angina, unstable angina, idiopathic surgical injury (during CABG, PTC A), inflammatory heart disease 
[as measured and influenced by C-reactive protein (CRP) and myeloperoxidase (MPO)], low-density 
lipoprotein oxidation (ox-LDL), cardiomyopathies, cardiac arrhythmia (ischemic and post-myocardial 
infarction induced), congestive heart failure (CHF), drug toxicity (including adriamycin and doxorubicin), 
Keshan disease (selenium deficiency), trypanosomiasis, alcohol cardiomyopathy, venous stasis and injury 
(including deep venous thrombosis or DVT), thrombophlebitis; 

• Pulmonary: asthma, reactive airways disease, chronic obstructive pulmonary disease (COPD or emphysema), 
hyperoxia, hyperbaric oxygen effects, cigarette smoke inhalation effects, environmental oxidant pollutant 
effects, acute respiratory distress syndrome (ARDS), bronchopulmonary dysplasia, mineral dust 
pneumoconiosis, adriamycin toxicity, bleomycin toxicity, paraquat and other pesticide toxicities, chemical 
pneumonitis, idiopathic pulmonary interstitial fibrosis, infectious pneumonia (including fungal), sarcoidosis, 
asbestosis, lung cancer (small- and large-cell), anthrax infection, anthrax toxin exposure; 

• Renal: hypertensive renal disease, end-stage renal disease, diabetic renal disease, infectious 
glomerulonephritis, nephrotic syndrome, allergic glomerulonephritis, type I-IV hypersensitivity reactions, renal 
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allograft rejection, nephritic antiglomerular basement membrane disease, heavy metal nephrotoxicity, drug- 
induced (including aminoglycoside, furosemide, and non-steroidal anti-inflammatory) nephrotoxicity, 
rhabdomyolisis, renal carcinoma; 

• Hepatic: carbon tetrachloride liver injury, endotoxin and lipopolysaccharide liver injury, chronic viral 
infection (including Hepatitis infection), infectious hepatitis (non-viral etiology), hemachromatosis, Wilson's 
disease, acetaminophen overdose, congestive heart failure with hepatic congestion, cirrhosis (including 
alcoholic, viral, and idiopathic etiologies), hepatocellular carcinoma, hepatic metastases; 

• Gastrointestinal: inflammatory bowel disease (including Crohn's disease, ulcerative colitis, and irritable bowel 
syndrome), colon carcinoma, polyposis, infectious diverticulitis, toxic megacolon, gastritis (including 
Helicobacter pylori infection), gastric carcinoma, esophagitis (including Barrett's esophagus), gastro- 
esophageal reflux disease (GERD), Whipple's disease, gallstone disease, pancreatitis, abetalipoproteinemia, 
infectious gastroenteritis, dysentery, nonsteroidal anti-inflammatory drug-induced toxicity; 

• Hematopoietic/Hematologic: Pb (lead) poisoning, drug-induced bone marrow suppression, protoporphyrin 
photo-oxidation, lymphoma, leukemia, porphyria(s), parasitic infection (including malaria), sickle cell anemia, 
thallasemia, favism, pernicious anemia, Fanconi's anemia, post-infectious anemia, idiopathic thrombocytopenic 
purpura, autoimmune deficiency syndrome (AIDS); 

• Genitourinary : infectious prostatitis, prostate carcinoma, benign prostatic hypertrophy (BPH), urethritis, 
orchitis, testicular torsion, cervicitis, cervical carcinoma, ovarian carcinoma, uterine carcinoma, vaginitis, 
vaginismus; 

• Musculoskeletal: osteoarthritis, rheumatoid arthritis, tendonitis, muscular dystrophy, degenerative disc 
disease, degenerative joint disease, exercise-induced skeletal muscle injury, carpal tunnel syndrome, Guillan- 
Barre syndrome, Paget' s disease of bone, ankylosing spondilitis, heterotopic bone formation; and 

• Integumentary : solar radiation injury (including sunburn), thermal injury, chemical and contact dermatitis 
(including Rhus dermatitis), psoriasis, Bloom syndrome, leukoplakia (particularly oral), infectious dermatitis, 
Kaposi's sarcoma. 

In the second category are multiple-organ conditions whose pathology has been linked convincingly in 
some way to radical and non-radical injury: aging, including age-related immune deficiency and premature aging 
disorders, cancer, cardiovascular disease, cerebrovascular disease, radiation injury, alcohol-mediated damage 
(including Wernicke-Korsakoff's syndrome), ischemia-reperfusion damage, inflammatory and auto-immune 
disease, drug toxicity, amyloid disease, overload syndromes (iron, copper, etc.), multi-system organ failure, and 
endotoxemia/sepsis . 

Maladies, which may be treated with structural carotenoid analogs, may include, but are not limited to, 
cardiovascular inflammation, hepatitis C infection, cancer (hepatocellular carcinoma and prostate), macular 
degeneration, rheumatoid arthritis, stroke, Alzheimer's disease, and/or osteoarthritis. In an embodiment, the 
administration of water soluble analogs of carotenoids to a subject may inhibit and/or ameliorate the occurrence of 
reperfusion injury in subjects. In some embodiments, water soluble and other structural carotenoid analogs may be 
administered to a subject alone or in combination with other structural carotenoid analogs. The occurrence of 
reperfusion injury in a human subject that is experiencing, or has experienced, or is predisposed to experience 
myocardial infarction, stroke, peripheral vascular disease, venous or arterial occlusion, organ transplantation, 
coronary artery bypass graft surgery, percutaneous transluminal coronary angioplasty, and cardiovascular arrest 
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and/or death may be inhibited or ameliorated by the administration of therapeutic amounts of water soluble and/or 
other structural carotenoid analogs to the subject, 

"Water soluble" structural carotenoid analogs are those analogs which may be formulated in aqueous 
solution, either alone or with excipients. Water soluble carotenoid analogs may include those compounds and 
synthetic derivatives which form molecular self-assemblies, and may be more properly termed "water dispersible" 
carotenoid analogs. Water soluble and/or "water-dispersible" carotenoid analogs may be the preferred 
embodiment(s) in some aspects of the current invention. 

In an embodiment, the administration of water soluble analogs of carotenoids to a subject may inhibit 
and/or ameliorate some types of cardiovascular disease associated with cardiac arrhythmia. In some embodiments, 
water soluble analogs of carotenoids may be administered to a subject alone or in combination with other carotenoid 
analogs. Carotenoid analogs may assist in the maintenance of electrical stability in cardiac tissue. Assistance in the 
maintenance of electrical stability in cardiac tissue may inhibit and/or ameliorate some types of cardiovascular 
disease, including in particular sudden cardiac death attributable to lethal cardiac arrhythmia. 

In an embodiment, the administration of water soluble analogs of carotenoids to a subject may inhibit 
and/or ameliorate the occurrence of liver disease in the subject. In some embodiments, water soluble analogs of 
carotenoids may be administered to a subject alone or in combination with other carotenoid analogs. The liver 
disease may be a chronic liver disease such as, for example, Hepatitis C infection. 

In an embodiment, the administration of water soluble analogs of carotenoids to a subject may inhibit 
and/or ameliorate the proliferation and propagation of initiated, transformed and/or cancerous cell(s). In some 
embodiments, water soluble analogs of carotenoids may be administered to a subject alone or in combination with 
other carotenoid analogs. Carotenoid analogs may inhibit the proliferation rate of carcinogen-initiated cells. 
Carotenoid analogs may increase connexin 43 expression. Increase of connexin 43 expression may increase, 
maintain, or restore gap junctional intercellular communication and thus inhibit the growth of carcinogen-initiated 
cells. 

Embodiments may be further directed to pharmaceutical compositions comprising combinations of 
structural carotenoid analogs to said subjects. The composition of an injectable structural carotenoid analog of 
astaxanthin may be particularly useful in the therapeutic methods described herein. In yet a further embodiment, an 
injectable astaxanthin structural analog is administered with another astaxanthin structural anaolgs and/or other 
carotenoid structural analogs, or in formulation with other antioxidants and/or excipients that further the intended 
purpose. In some embodiments, one or more of the astaxanthin structural analogs are water soluble. 

In an embodiment, a chemical compound including a carotenoid may have the general structure (I): 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 1 

r3 r3 ^3 #3 £3 £3 ^3 ^3 ^3 q 

Each R 3 may be independently hydrogen or methyl. R 1 and R 2 may be independently H, an acyclic alkene with one 
or more substituents, or a cyclic ring including one or more substituents. In some embodiments, substituents may 
be at least partially hydrophilic. These carotenoid derivatives may be used in a pharmaceutical composition. In one 
embodiment, a pharmaceutical composition that includes carotenoid structural anaogues having general structure (I) 
may be used for treating reperfusion injury. 

As used herein, the terms "disodium salt disuccinate astaxanthin derivative", "dAST", "Cardax", 
"Cardax™", "rac", and "astaxanthin disuccinate derivative (ADD)" represent varying nomenclature for the use of 
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the disodium salt disuccinate astaxanthin derivative in various stereoisomer and aqueous formulations, and 
represent presently preferred but nonetheless illustrative embodiments for the intended use of this structural 
carotenoid analog. The diacid disuccinate astaxanthin derivative (astaCOOH) is the protonated form of the 
derivative utilized for flash photolysis studies for direct comparison with non-esterified, "racemic" (i.e., mixture of 
stereoisomers) astaxanthin. "Cardax-C" is the disodium salt disuccinate di- vitamin C derivative (derivative XXIII) 
utilized in superoxide anion scavenging experiments assayed by electron paramagnetic resonance (EPR) imaging. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above brief description as well as further objects, features and advantages of the methods and 
apparatus of the present invention will be more fully appreciated by reference to the following detailed description 
of presently preferred but nonetheless illustrative embodiments in accordance with the present invention when taken 
in conjunction with the accompanying drawings. 

FIG. 1 is a graphic representation of several "parent" carotenoid structures as found in nature; 

FIG. 2 depicts an effect of disodium salt disuccinate astaxanthin derivative on the reactive oxygen 
species superoxide anion as monitored using electron paramagnetic resonance (EPR) imaging; 

FIG. 3 depicts an effect of a disodium salt disuccinate astaxanthin derivative/free vitamin C solution on 
the reactive oxygen species superoxide anion as monitored using electron paramagnetic resonance (EPR) imaging; 

FIG. 4 depicts a graphical representation of a relative reduction of infarct size in male Sprague-Dawley 
rats with pre-treatment using a disodium salt disuccinate astaxanthin derivative intravenous formulation (Cardax ); 

FIG. 5 depicts the chemical structure of the all-trans (all-E) disodium salt disuccinate ester derivative of 
meso-astaxanthin (3R,3'S- or 3S,3'R-dihydroxy-(3,p-carotene-4,4'-dione; dAST) synthesized for the current study 
(shown as the all-E" dianionic bolamphiphile); 

FIG. 6 depicts the ultraviolet- visible absorption spectrum of dAST in ethanol at 25 °C (cell length 1 cm, 
c = 1.05 x 10" 5 M). Molar absorption coefficients are shown in parentheses. The second derivative curve of the 
absorption spectrum indicates the exact position of peaks in the near-UV region and the hidden vibrational fine 
structure of the main band; 

FIG. 7 depicts the absorption spectrum of dAST in Ringer buffer (pH 7.4, cell length 1 cm, c = 1.85 x 10" 
5 M, t = 37 °C). Molar absorption coefficients are indicated; 

FIG. 8 depicts the induced CD and UV/Vis spectra obtained by titration of human serum albumin (HSA) 
with dAST in Ringer buffer solution (pH 7.4) at low L/P ratios. Concentration of HSA was 1.6xlO" 4 Mandthe 
ligand was added as aliquots of DMSO stock solution (cell length 1 cm, t = 37 °C). Curves measured at different 
L/P values are shown. Insets: molar circular dichroic absorption coefficients (Ae in M^cm" 1 ) and molar absorption 
coefficients (e in M^cm" 1 ) of the induced CD and absorption bands calculated on the basis of total mew-carotenoid 
concentration in the solution; 

FIG. 9 depicts the induced CD and UV/Vis spectra obtained by titration of HSA with dAST in Ringer 
buffer solution (pH 7.4) above L/P ratio of 1. Concentration of HSA was 2.3 x 10" 4 M and the ligand was added as 
aliquots of DMSO stock solution (cell length 1 cm, t = 37 °C). Curves measured at L/P values of 1.2, 2.0, 2.9, 4.1, 
5.7 and 7.4 are shown. CD intensities increase in parallel with the ligand concentration; 



7 



WO 2004/011423 PCT/US2003/023706 

FIG. 10 depicts the induced CD and UV/Vis spectra obtained by titration of HSA with dAST in 0.1 M 
pH 7.4 phosphate buffer solution above L/P ratio of 1. Concentration of HSA was 2.2 x 10" 4 M and the ligand was 
added as aliquots of DMSO stock solution (cell length 1 cm, t = 37 °C). Curves measured at L/P values of 1.2, 2.0, 
2.9, 4.1, 5.7, 9.0, 10.6 and 13.1 are shown. CD intensities increase in parallel with the ligand concentration; 

FIG. 1 1 depicts illustration of right-handed chiral arrangements of two m&so-carotenoid molecules for 
which excitonic interactions produce long- wavelength positive and short- wavelength negative Cotton effects in the 
CD spectrum. Gray-colored molecules lie behind of the plane of the paper; 

FIG. 12 depicts (upper figure): fluorescence quenching of HSA by dAST measured in 0. 1 M pH 7.4 
phosphate buffer solution at 37 °C. Initial and final concentrations of HSA and the ligand were varied between 4.2 
x 10" 6 M - 4.0 X 10" 6 M and 1.3 x 10" 6 M - 1.4 x 10" 5 M, respectively. L/P ratios are noted on curves. (Lower 
figure): effect of DMSO alone on the intrinsic flurescence of HSA. Experimental conditions are as in text; 

FIG. 13 depicts the X-ray crystallographic structure of fatty acid-free HSA. Subdomains and the two 
primary drug-binding sites of HSA are indicated. Dotted bar represents spatial dimension of the interdomain cleft, 
and asterisk indicates the position of Trp214. The inter-atomic distance between the 3 and 3' chiral carbon atoms of 
the dAST molecule is 28 A; 

FIG. 14 depicts that the statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin 
derivative ("rac" in Figure Legends) induces functional gap junctional communication in murine embryonic 
fibroblast (10T1/2) cells. Confluent cultures were treated for 4 days as described in text, then assayed for the ability 
to transfer the fluorescent dye Lucifer Yellow. Arrows indicate the cell injected with Lucifer Yellow; 

FIG. 15A depicts connexin 43 protein expression in cells treated with the mixture of stereoisomers of the 
disodium salt disuccinate astaxanthin derivatives as assessed by quantitative Western blot analysis. The upper 
bands are believed to represent the phosphorylated forms of the protein assembled into gap junctions; lower bands 
unassembled proteins (Saez, 1998). Lane 1: 1:2 ethanol (EtOH)/ H 2 0 (solvent only negative control); Lane 2: 
TTNPB, a synthetic retinoid, in acetone at 10' 8 M (positive control); Lane 3: Retinyl acetate in acetone at 10" 5 M 
(positive control); Lane 4: Statistical mixture ("rac") of stereoisomers of the disodium salt disuccinate astaxanthin 
derivative at 10" 5 M delivered in a 1:2 formulation of EtOH/ H 2 0; Lane 5: SR^'Rdisodium salt disuccinate 
astaxanthin derivative at 10" 5 M delivered in a 1:2 formulation of EtOH/ H 2 0; Lane 6: 3S,3'S disodium salt 
disuccinate astaxanthin derivative at 10" 5 M delivered in a 1:2 formulation of EtOH/ H 2 0; and Lane 7: Meso 
disodium salt disuccinate astaxanthin derivative at 10~ 5 M delivered in a 1:2 formulation of EtOH/ H 2 0; 

FIG. 15B depicts an immunoblot stained with Coomassie blue to demonstrate equal protein loading of all 
the bands. This confirms that differences in immunolabeling are not an artifact due to variability in total protein 
loaded and/or transferred to the membrane; 

FIG. 15C depicts digital analysis of relative induction levels of connexin 43 protein expression by the 
disodium salt disuccinate astaxanthin derivative(s) versus positive and solvent-only treated controls. Lanes as in 
FIG. 15 A. The fold induction is normalized to control levels of Cx43 expression in the 1:2 EtOH/H 2 0 treated 
negative controls set to an arbitrary unit = 1.0; 

FIG. 15D depicts the dose-response curve of Cx43 protein expression in murine embryonic fibroblast cells 
(10T1/2) treated with the statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin 
derivatives as assessed by quantitative Western blot analysis. The upper bands are believed to represent the 
phosphorylated forms of the protein assembled into gap junctions; lower bands unassembled proteins. Lane 1 : 1:2 
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EtOH/ H 2 0 (solvent only negative control). Lane 2: TTNPB in acetone at 10" 8 M (positive control). Lane 3: 
disodium salt disuccinate astaxanthin derivative ("rac") at 10" 5 M delivered in a 1:2 formulation of EtOH/ H 2 0. 
Lane 4: disodium salt disuccinate astaxanthin derivative ("rac") at 5 x 10" 6 M delivered in a 1:2 formulation of 
EtOH/ H 2 0. Lane 5: disodium salt disuccinate astaxanthin derivative ("rac") at 10' 6 M delivered in a 1:2 
formulation of EtOH/ H 2 0; 

FIG. 15E depicts digital analysis of relative induction levels of connexin 43 protein expression by the 
statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin derivative versus positive and 
solvent-only treated controls. Lanes as in FIG. 15D. The fold induction is normalized to control levels of Cx43 
expression in the 1:2 EtOH/H 2 0 treated controls set to an arbitrary unit =1.0; 

FIG. 16 depicts that the statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin 
derivative increases the assembly of Cx43 immunoreactive junctional plaques. Confluent cultures of 10T1/2 cells 
were treated for 4 days as described above with the statistical mixture of stereoisomers of the disodium salt 
disuccinate astaxanthin derivative: (1) at 10" 5 M in 1:2 EtOH/ H 2 0; (2) with 1:2 EtOH/ H 2 0 as solvent only 
negative control; or (3) TTNPB at 10" 8 M in tetrahydrofuran (THF) solvent as positive control. Cells were 
immunostained with a Cx43 antibody as described in text. Panel A: the statistical mixture of stereoisomers of the 
disodium salt disuccinate astaxanthin derivative at 10" 5 M in 1:2 EtOH/ H 2 0; Panel C: 1:2 EtOH/ H 2 0 as solvent 
control; Panel E: TTNPB at 10" 8 M in tetrahydrofuran (THF) solvent as positive control. Panels B, D, and F: 
digital analysis of panels A, C, and E, respectively, demonstrating pixels above a fixed set threshold positive for 
fluorescent intensity. Yellow arrows: immunoreactive junctional plaques; red arrows: position of cell nuclei. Note 
the greater number and intensity of junctional immunoreactive plaques in the cultures treated with the statistical 
mixture of stereoisomers of the disodium salt disuccinate astaxanthin derivative in comparison with solvent-only 
treated controls. The junctional plaques shown in Panels C and D represent infrequent plaques seen in controls; 
most cells in these cultures were negative for Cx43 staining; 

FIG. 17 depicts the 4 stereoisomers of the disodium disuccinate diester of astaxanthin synthesized for the 
current studies (shown as the all-i? geometric isomers); the mixture of stereoisomers, or individual stereoisomers, 
were used in separate applications (see Figure legends); 

FIG. 18 depicts the mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap 
by the disodium disuccinate derivatives of astaxanthin in pure aqueous formulation. Mixture = statistical mixture of 
stereoisomers [3S,3'S, nieso (3R,3'S and 3'R,3S), 3R,3'R in a 1:2:1 ratio]. Each derivative in aqueous formulation 
was standardized to control EPR signal detected without addition of compound (set at 0% inhibition by convention). 
Note the absence of superoxide inhibition by 3S,3'S formulation in water. In each case, the aqueous formulation is 
less potent than the corresponding formulation in EtOH (FIG. 19); 

FIG. 19 depicts the mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap 
by the disodium disuccinate derivatives of astaxanthin in ethanolic formulation. Mixture = statistical mixture of 
stereoisomers [3S,3'S, meso (3R,3'S and 3'R,3S), 3R,3'R in a 1:2:1 ratio]. The mixture, meso, and 3R,3'R stock 
solutions were 1:2 ethanol/water (33 l A% EtOH); the 3S,3'S stock solution was 1:1 ethanol/water (50% EtOH). 
Final concentration of EtOH in the isolated neutrophil test assay was 0.3% and 0.5%, respectively. Each derivative 
in ethanolic formulation was standardized to control EPR signal detected without addition of compound (set at 0% 
inhibition by convention); 



9 



WO 2004/011423 PCT/US2003/023706 

FIG. 20 depicts the mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap 
by the mixture of stereoisomers of the disodium disuccinate derivative of astaxanthin (tested in 1 :2 EtOH/water 
formulation; final EtOH concentration in isolated neutrophil assay 0.3%). As the concentration of the derivative 
increases, inhibition increases in a non-linear, dose-dependent manner. At 3 mM, near-complete inhibition of 
superoxide anion signal is seen (95.0% inhibition); 

FIG. 21 depicts the mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap 
by the hydrochloride salt dilysine astaxanthin derivative. This derivative was highly water soluble (> 50 mg/mL), 
and did not require a co-solvent for excellent radical-quenching ability in this assay. Compare the superoxide anion 
inhibition of this derivative with that depicted in Figure 20, for a derivative that forms supramolecular assemblies in 
pure aqueous formulation; 

FIG. 22 depicts a standard plot of concentration of non-esterified, free astaxanthin versus time for plasma 
after single dose oral gavage in black mice. Only non-esterified, free astaxanthin is detected in plasma, 
corroborating the complete de-esterification of the carotenoid analog in the mammalian gut, as has been described 
previously; 

FIG. 23 depicts a standard plot of concentration of non-esterified, free astaxanthin verses time for liver 
after single dose oral gavage in black mice. Only non-esterified, free astaxanthin is detected in liver, also 
corroborating (see Figure 22 for plasma) the complete de-esterification of the carotenoid analog in the mammalian 
gut, as has been described previously. At every time point, liver levels of non-esterified, free astaxanthin are 
greater than that observed in plasma, a novel finding suggesting vastly improved solid-organ delivery of free 
carotenoid in the novel emulsion vehicle used in this study; 

FIG. 24 depicts the effect of the disodium disuccinate astaxanthin derivative at 500 mg/kg by oral gavage 
on lipopolysaccharide (LPS)-induced liver injury in mice (as measured by elevation in serum alanine 
aminotransferase, or ALT). Three (3) animals were tested in each group. Control animals received saline alone 
(sham-treated controls; left portion of figure) or emulsion without disodium disuccinate astaxanthin derivative 
(vehicle controls). Sham-treated animals receiving the novel derivative demonstrated no effect on background 
levels of ALT; mice receiving the oral emulsion with the novel derivative at 500 mg/kg showed reduced induced 
levels of ALT, indicating protection against hepatic necrosis after LPS insult; 

FIG. 25 depicts a graphical representation of a relative reduction of infarct size in male Sprague-Dawley 
rats with pre-treatment using a disodium salt disuccinate astaxanthin derivative intravenous formulation (Cardax ). 
A linear relationship between dose and infarct size reduction was seen. The levels of infarct size reduction 
approach that observed with ischemic pre-conditioning; 

FIG. 26 depicts a graphical representation of a relative reduction of infarct size in male Sprague-Dawley 
rats with pre-treatment using a disodium salt disuccinate astaxanthin derivative intravenous formulation (Cardax™); 

FIG. 27 depicts transient absorption versus delay for the diacid discuccinate astaxanthin derivative 
(astaCOOH) using flash photolysis. The experiment was performed in acetonitrile (MeCN) using nitronaftalin 
(NN) as photosensitizer. The spectra obtained demonstrate that the diacid disuccinate astaxanthin derivative 
behaves identically to non-esterified, free racemic astaxanthin as a radical quencher (formation of the carotenoid 
radical cation), identifying the derivative as an active "soft-drug" which generates non-esterified, free astaxanthin in 
vivo after both oral and intravenous delivery; 



10 



WO 2004/011423 PCT/US2003/023706 

FIG. 28 depicts transient absorption versus delay for the reference compound non-esterified, free racemic 
astaxanthin (asta)] using flash photolysis. The experiment was performed in acetonitrile (MeCN) using 
nitronaftalin (NN) as photosensitizer. The spectra obtained are nearly superimposable on those obtained for the 
diacid disuccinate astaxanthin derivative (astaCOOH), suggesting identical radical-cation forming properties for 
both compounds; 

FIG. 29 depicts a pictorial representation of a Western blot of a polyacrylamide gel with wati-connexin 43 
antibody; 

FIG. 30 depicts a pictorial representation of quantitative densitometric images of Western blots with anti- 
connexin 43 antibodies followed by HEP chemiluminescence on a Biorad imager; 

FIG. 31 depicts a graph of relative fold-induction of connexin 43 expression by positive control (TTNPB, 
potent synthetic retinoid) and test compounds (disodium salt disuccinate astaxanthin derivative in four water and/or 
ethanol (EtOH)/water formulations: H 2 0-10-5, H 2 0-10-6, H 2 0-10-7, and EtOH/H 2 0-10-5) versus sterile water 
control (H 2 0) at 96 hours post-dosing; 

FIG. 32 depicts a graph of mean levels of non-esterified, free astaxanthin in plasma and liver after eleven 
(1 1) days of oral gavage of 500 mg/kg disodium disuccinate astaxanthin derivative (ADD) in emulsion vehicle to 
black mice. Both peak and trough levels in plasma and liver achieved were > 200 nM, considered to be protective 
against oxidative stress and hepatic injury in vivo. The peak levels obtained in liver at 6 hours post-1 1 dose were 
nearly 9 times the protective levels necessary (1760 nM); 

FIG. 33 depicts the mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap 
by the disodium salt disuccinate di- vitamin C derivative [derivative (XXIII)]. As the concentration of the derivative 
increases, inhibition increases in a dose-dependent manner. At 60 /xM, nearly complete inhibition of superoxide 
anion signal is seen. This derivative was also highly water soluble, and was introduced into the test assay without a 
co-solvent (see Figure 21). The novel derivative was comparable in radical-quenching efficacy to the formulation 
of the disodium salt disuccinate astaxanthin derivative in a 1:2 formulation with vitamin C (see Figure 3), 
suggesting active, "soft-drug" properties for this derivative. This co-antioxidant derivative strategy increased the 
relative radical scavenging potency (when compared with the disodium salt disuccinate astaxanthin derivative) by 
50-fold; 

FIG. 34 depicts effects of non-esterified, free astaxanthin (as the all-trans mixture of stereoisomers) on 
MCA-induced neoplastic transformation in mouse embryonic fibroblast (10T1/2) cells. Non-esterified, free 
astaxanthin is produced rapidly in vivo after oral and intravenous administration of novel carotenoid derivatives, 
and is detected in high concentration in both plasma and solid organs (see Figures 22 and 23). Non-esterified, free 
astaxanthin demonstrated levels of reduction of neoplastic transformation (100%) above any other carotenoid tested 
in this assay at similar concentrations, demonstrating the increased utility of this compound for cancer 
chemoprevention applications; 

FIG. 35 depicts a comparison of an astaxanthin-treated dish to control dishes (see description for Figure 

34); 

FIG. 36 depicts a comparison of astaxanthin (as the mixture of stereoisomers) to previously tested 
carotenoids in this laboratory using this assay (see description for Figure 34); 

FIG. 37 depicts a graphical representation of a relative reduction of infarct size in male New Zealand 
rabbits with pre-treatment using a disodium salt disuccinate astaxanthin derivative intravenous formulation 
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(Cardax™). When compared with the infarct size reduction seen at the same dose and identical pre-treatment 
schedule in rodents, a 38% increase in infarct size reduction was observed in the rabbit model; and 

FIG. 38 depicts a graphical representation of a relative reduction of circulating levels of plasma C- 
reactive protein (CRP) in male New Zealand rabbits with pre-treatment using a disodium disuccinate astaxanthin 
derivative intravenous formulation (Cardax™). Control rabbits (saline injection alone) stimulated for the acute- 
phase response with 1% croton oil by subcutaneous injection showed a mean increase of 23.5% in circulating CRP 
levels from baseline (venous sample taken at the time of reperfusion). In contrast, Cardax - treated animals (50 
mg/kg) demonstrated a mean reduction in circulating CRP levels from baseline (-15.7%), deomonstrating the potent 
anti-inflammatory effects of Cardax . 

DETAILED DESCRIPTION 

"Parent" carotenoids may generally refer to those natural compounds utilized as starting scaffold for 
structural carotenoid analog synthesis. Carotenoid derivatives may be derived from a naturally occurring 
carotenoid. Naturally occurring carotenoid may include lycopene, lycophyll, lycozanthin, astaxanthin, beta- 
carotene, lutein, zeaxanthin, and/or canthaxanthin to name a few. 

Carotenoids are a group of natural pigments produced principally by plants, yeast, and microalgae. The 
family of related compounds now numbers greater than 600 described members, exclusive of Z and E isomers. 
Fifty (50) have been found in human sera or tissues. Humans and other animals cannot synthesize carotenoids de 
novo and must obtain them from their diet. All carotenoids share common chemical features, such as a 
polyisoprenoid structure, a long polyene chain forming the chromophore, and near symmetry around the central 
double bond. Tail-to-tail linkage of two C 20 geranylgeranyl diphosphate molecules produces the parent C 40 carbon 
skeleton. Carotenoids without oxygenated functional groups are called "carotenes", reflecting their hydrocarbon 
nature; oxygenated carotenes are known as "xanthophylls." Cyclization at one or both ends of the molecule yields 7 
identified end groups (representative structures shown in FIG. 1). 

Documented carotenoid functions in nature include light-harvesting, photoprotection, and protective and 
sex-related coloration in microscopic organisms, mammals, and birds, respectively. A relatively recent observation 
has been the protective role of carotenoids against age-related diseases in humans as part of a complex antioxidant 
network within cells. This role is dictated by the close relationship between the physicochemical properties of 
individual carotenoids and their in vivo functions in organisms. The long system of alternating double and single 
bonds in the central part of the molecule (delocalizing the 7c-orbital electrons over the entire length of the polyene 
chain) confers the distinctive molecular shape, chemical reactivity, and light-absorbing properties of carotenoids. 
Additionally, isomerism around C=C double bonds yields distinctly different molecular structures that may be 
isolated as separate compounds (known as Z ("cis") and E ("trans"), or geometric, isomers). Of the more than 600 
described carotenoids, an even greater number of the theoretically possible mono-Z and poly-Z isomers are 
sometimes encountered in nature. The presence of a Z double bond creates greater steric hindrance between nearby 
hydrogen atoms and/or methyl groups, so that Z isomers are generally less stable thermodynamically, and more 
chemically reactive, than the corresponding all-E form. The all-£ configuration is an extended, linear, and rigid 
molecule. Z-isomers are, by contrast, not simple, linear molecules (the so-called "bent-chain" isomers). The 
presence of any Z in the polyene chain creates a bent-chain molecule. The tendency of Z-isomers to crystallize or 
aggregate is much less than all-£, and Z isomers are more readily solubilized, absorbed, and transported in vivo than 
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their all-E counterparts. This has important implications for enteral (e.g., oral) and parenteral (e.g., intravenous, 
intra-arterial, intramuscular, and subcutaneous) dosing in mammals. 

Carotenoids with chiral centers may exist either as the R (rectus) or S (sinister) configurations. As an 
example, astaxanthin (with 2 chiral centers at the 3 and 3' carbons) may exist as 4 possible stereoisomers: 3S, 3'S; 
3R, 3'S and 3S, 3'R (meso forms); or 3R, 3'R. The relative proportions of each of the stereoisomers may vary by 
natural source. For example, Haematococcus pluvialis microalgal meal is 99% 3S, 3'S astaxanthin, and is likely the 
predominant human evolutionary source of astaxanthin. Krill (3R,3'R) and yeast sources yield different 
stereoisomer compositions than the microalgal source. Synthetic astaxanthin, produced by large manufacturers 
such as Hoffmann-LaRoche AG, Buckton Scott (USA), or BASF AG, are provided as defined geometric isomer 
mixtures of a 1:2:1 stereoisomer mixture [3S, 3'S; 3R, 3'S, 3'R,3S (meso); 3R, 3'R] of non-esterified, free 
astaxanthin. Natural source astaxanthin from salmonid fish is predominantly a single stereoisomer (3S,3'S), but 
does contain a mixture of geometric isomers. Astaxanthin from the natural source Haematococcus pluvialis may 
contain nearly 50% Z isomers. As stated above, the Z conformational change may lead to a higher steric 
interference between the two parts of the carotenoid molecule, rendering it less stable, more reactive, and more 
susceptible to reactivity at low oxygen tensions. In such a situation, in relation to the all-E form, the Z forms: (1) 
may be degraded first; (2) may better suppress the attack of cells by reactive oxygen species such as superoxide 
anion; and (3) may preferentially slow the formation of radicals. Overall, the Z forms may initially be 
thermodynamically favored to protect the lipophilic portions of the cell and the cell membrane from destruction. It 
is important to note, however, that the all-E form of astaxanthin, unlike p-carotene, retains significant oral 
bioavailability as well as antioxidant capacity in the form of its dihydroxy- and diketo-substitutions on the P-ionone 
rings, and has been demonstrated to have increased efficacy over P-carotene in most studies. The all-E form of 
astaxanthin has also been postulated to have the most membrane-stabilizing effect on cells in vivo. Therefore, it is 
likely that the all-E 1 form of astaxanthin in natural and synthetic mixtures of stereoisomers is also extremely 
important in antioxidant mechanisms, and may be the form most suitable for particular pharmaceutical preparations. 

The antioxidant mechanism(s) of carotenoids, and in particular astaxanthin, includes singlet oxygen 
quenching, direct radical scavenging, and lipid peroxidation chain-breaking. The polyene chain of the carotenoid 
absorbs the excited energy of singlet oxygen, effectively stabilizing the energy transfer by derealization along the 
chain, and dissipates the energy to the local environment as heat. Transfer of energy from triplet-state chlorophyll 
(in plants) or other porphyrins and proto-porphyrins (in mammals) to carotenoids occurs much more readily than 
the alternative energy transfer to oxygen to form the highly reactive and destructive singlet oxygen ( x 0 2 ). 
Carotenoids may also accept the excitation energy from singlet oxygen if any should be formed in situ, and again 
dissipate the energy as heat to the local environment. This singlet oxygen quenching ability has significant 
implications in cardiac ischemia, macular degeneration, porphyria, and other disease states in which production of 
singlet oxygen has damaging effects. In the physical quenching mechanism, the carotenoid molecule may be 
regenerated (most frequently), or be lost. Carotenoids are also excellent chain-breaking antioxidants, a mechanism 
important in inhibiting the peroxidation of lipids. Astaxanthin can donate a hydrogen (H) to the unstable 
polyunsaturated fatty acid (PUFA) radical, stopping the chain reaction. Peroxyl radicals may also, by addition to 
the polyene chain of carotenoids, be the proximate cause for lipid peroxide chain termination. The appropriate dose 
of astaxanthin has been shown to completely suppress the peroxyl radical chain reaction in liposome systems. 
Astaxanthin shares with vitamin E this dual antioxidant defense system of singlet oxygen quenching and direct 
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tdical scavenging, and in most instances (and particularly at low oxygen tension in vivo) is superior to vitamin E as 
radical scavenger and physical quencher of singlet oxygen. 

Carotenoids, and in particular astaxanthin, are potent direct radical scavengers and singlet oxygen 
uenchers and possess all the desirable qualities of such therapeutic agents for inhibition or amelioration of 
perfusion injury. Synthesis of novel carotenoid derivatives with "soft-drug" properties (i.e. activity in the 
erivatized form), with physiologically relevant, cleavable linkages to pro-moieties, can generate significant levels 
,f free carotenoids in both plasma and solid organs. In the case of non-esterified, free astaxanthin, this is a 
•articularly useful embodiment (characteristics specific to non-esterified, free astaxanthin below): 

• Lipid soluble in natural form; may be modified to become more water soluble 

• Molecular weight of 597 Daltons [size < 600 daltons (Da) readily crosses the blood brain barrier, or BBB] 

• Long polyene chain characteristic of carotenoids effective in singlet oxygen quenching and lipid 

peroxidation chain breaking 

• No pro-vitamin A activity in mammals (eliminating concerns of hypervitaminosis A and retinoid toxicity 

in humans). 

The administration of antioxidants which are potent singlet oxygen quenchers and direct radical 
scavengers, particularly of superoxide anion, should limit hepatic fibrosis and the progression to cirrhosis by 
affecting the activation of hepatic stellate cells early in the fibrogenetic pathway. Reduction in the level of ROS by 
the administration of a potent antioxidant can therefore be crucial in the prevention of the activation of both HSC 
and Kupffer cells. This protective antioxidant effect appears to be spread across the range of potential therapeutic 
antioxidants, including water-soluble (e.g., vitamin C, glutathione, resveratrol) and lipophilic (e.g., vitamin E, p- 
carotene, astaxanthin) agents. Therefore, a co-antioxidant derivative strategy in which water-soluble and lipophilic 
agents are combined synthetically is a particularly useful embodiment. 

Vitamin E is generally considered the reference antioxidant. When compared with vitamin E, carotenoids 
are more efficient in quenching singlet oxygen in homogenenous organic solvents and in liposome systems. They 
are better chain-breaking antioxidants as well in liposomal systems. They have demonstrated increased efficacy 
and potency in vivo. They are particularly effective at low oxygen tension, and in low concentration, making them 
extremely effective agents in disease conditions in which ischemia is an important part of the tissue injury and 
pathology. These carotenoids also have a natural tropism for the liver after oral administration. Therefore, 
therapeutic administration of carotenoids should provide a greater benefit in limiting fibrosis than vitamin E. 

Problems related to the use of some carotenoids and structural carotenoid analogs include: (1) the complex 
isomeric mixtures, including non-carotenoid contaminants, provided in natural and synthetic sources leading to 
costly increases in safety and efficacy tests required by such agencies as the FDA; (2) limited bioavailability upon 
administration to a subject; and (3) the differential induction of cytochrome P450 enzymes (this family of enzymes 
exhibits species-specific differences which must be taken into account when extrapolating animal work to human 
studies). 

In an embodiment, the parent carotenoid may have a structure of any naturally occurring carotenoid. Some 
examples of naturally occurring carotenoids that may be used as parent compounds are shown in FIG. 1. 

In some embodiments, the carotenoid derivatives may include compounds having the structure (I): 
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Each R may be independently hydrogen, methyl, alkyl, alkenyl, or aromatic substituents. R 1 and R 2 may be 
independently H, an acyclic alkene with at least one substituent, or a cyclic ring with at least one substituent 
having general structure (II): 

-W 

(II). . 

where n may be between 4 to 10 carbon atoms. W is the substituent. The substituent may be at least partially 
hydrophilic. A hydrophilic substituent may assist in increasing the water solubility of a carotenoid derivative. In 
some embodiments, a carotenoid derivative may be at least partially water soluble. The cyclic ring may include 
at least one chiral center. The acyclic alkene may include at least one chiral center. The cyclic ring may include 
at least one degree of unsaturation. In some cyclic ring embodiments, the cyclic ring may be aromatic. The 
cyclic ring may include a substituent. The substituent may be hydrophilic. In some embodiments, the cyclic ring 
may include, for example (a), (b), or (c): 

O 







(a), ^\ (b), or ^\ (c). 
In some embodiments, the substituent may include, for example, a carboxylic acid, an amino acid, an ester, an 
alkanol, an amine, a phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

In some embodiments, each substituent -W may independently include -XR. Each X may independently 
include O, N, or S. In some embodiments, each substituent -W may independently comprises amino acids, esters, 
carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. In some substituent embodiments, the 
substituent may include, for example (d) through (pp): 
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/here each R is, for example, independently -alkyl-NR^, -aromatic-NR^, -alkyl-C0 2 ", -aromatic-CXV, -amino 
cid-NHg*. -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. In some 
mbodiments, snbstituents may include any combination of (d) throngh (pp). In some embodiments, negatively 
aarged snbstituents may include alkali metals, one metal or a combination of different alkali metals in an 
mbodiment with more than one negatively charged substituent, as counter ions. Alkali metals may include, but are 
3t limited to, sodium, potassium, and/or lithium. 

Although the above structure, and subsequent structures, depict alkenes in the E configuration this should 
* be seen as limiting. Compounds discussed herein may include embodiments where alkenes are in the Z 
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connguration or include alkenes in a combination of Zand E configurations within the same molecule. The 
compounds depicted herein may naturally convert between the Z and E configuration and/or exist in equilibrium 
between the two configurations. 

In an embodiment, a chemical compound may include a carotenoid derivative having the structure (IE) 

Y 




(in). 



Each Y may be independently O or H 2 . Each R may be independently OR 1 or R 1 . 
Each R 1 may be independently -alkyl-NRV, -aromatic-NRY, -alkyl-CO,", -aromatic-CO/, -amino acid-NH 3 + - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, peptides, poly-lysine or aryl. In addition 
each R~ may be independently H, alkyl, or aryl. The carotenoid derivative may include at least one chiral center. 
In a specific embodiment where Y is H 2 , the carotenoid derivative has the structure (IV) 




In a specific embodiment where Y is O, the carotenoid derivative has the structure (V) 
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ln an embodiment, a chemical compound may include a carotenoid derivative having the structure (VI) 
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iach Y may be independently O or H 2 . Each R may be independently H, alkyl, or aryl. The carotenoid derivative 
aay include at least one chiral center. In a specific embodiment Y may be H 2 , the carotenoid derivative having the 



tructure (VII) 




> a specific embodiment where Y is O, the carotenoid derivative has the structure (VIII) 
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In an embodiment, a chemical compound may include a carotenoid derivative having the structure (IX) 

y 

o ------ - .. . (I 

Y 

Each Y may be independendy O or H, Each R' may be CH, n may be 1 to 9. Each X may be independently ^ 

OH 



X 




O O m V nv -V^\>< 



OH 



Each R may be independently -alkyl-NR V, -aromatic-NR' 3 + , -alkyl-CW, -aromatic-CO,-, -amino acid-NH 3 + - 
Phosphorylated amino acid-NH 3 +, polyethylene glycol, dextran, H, alkyl, or aryl. Each R' may be independently H 
alkyl, or aryl. The carotenoid derivative may include at least one chiral center. 

In a specific embodiment where Y is H 2 , the carotenoid derivative has the structure (X) 

o " " — ~ ~ ... I. 

In a specific embodiment where Y is O, the carotenoid derivative has the structure (XI) 

O 




(X). 
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x ^R' n A 




In an embodiment, a chemical compound may include a carotenoid derivative having the structure (XII) 

Y 



(XI). 




Y 

(XII). 

ach Y may be independently O or H 2 . The carotenoid derivative may include at least one chiral center. In a 
jecific embodiment Y may be H 2 , the carotenoid derivative having the structure (XIII) 
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In a specific embodiment where Y is O, the carotenoid derivative has the structure (XIV) 

O 




O^OH 
ii 

o 



(XIV). 

In some embodiments, a chemical compound may include a disuccinic acid ester carotenoid derivative 
having the structure (XV) 



OH 





O O (XV). 

In some embodiments, a chemical compound may include a disodium salt disuccinic acid ester carotenoid 
derivative having the structure (XVI) 



Cr Na + 



Na + -CX 

ir ~ u it ^ 

O O (XVI). 

In some embodiments, a chemical compound may include a carotenoid derivative with a co-antioxidant, in 

particular one or more analogs of vitamin C (i.e., L ascorbic acid) coupled to a carotenoid. Some embodiments may 

include carboxylic acid and/or carboxylate derivatives of vitamin C coupled to a carotenoid (e.g., structure (XVII)) 

O OH 

HO \ 

OH 

OH O 

(XVII). 

Carbohydr. Res. 1978, 60, 251-258, discloses oxidation at C-6 of ascorbic acid as depicted in EQN. 5. 




HO w 

_.q Conditions 



HO H 

o^ ± y.o. 




(5) 



OH / >=^ 
HO OH 




Some embodiments may include vitamin C and/or vitamin C analogs coupled to a carotenoid. Vitamin C may be 
coupled to the carotenoid via an ether linkage (e.g., structure (XVIII)) 
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OH O 

(XVIII). 

Some embodiments may include vitamin C disuccinate analogs coupled to a carotenoid (e.g., structure (XIX) 




(XIX). 

Some embodiments may include solutions or pharmaceutical preparations of carotenoids and/or carotenoid 
derivatives combined with co-antioxidants, in particular vitamin C and/or vitamin C analogs. Pharmaceutical 
preparations may include about a 2:1 ratio of vitamin C to carotenoid respectively. 

In some embodiments, a carotenoid (e.g., astaxanthin) may be coupled to vitamin C forming an ether 
linkage. The ether linkage may be formed using the Mitsunobu reaction as in EQN. 1. 



OH 



O Mitsunobu 




m HO u 

(i) A HO OH 

In some embodiments, vitamin C may be selectively esterified. Vitamin C may be selectively esterified at 
the C-3 position (e.g., EQN. 2). J. Org. Chem. 2000, 65, 911-913, discloses selective esterification at C-3 of 
unprotected ascorbic acid with primary alcohols. 



HO 



H 9 H 




HO i_i 
^ O. 



E/O^^Q Mitsunobu HO^^^-, 

' — " } 

RO 



OH 



(2) 



R = Me, 77% 
Propyl, 63% 
Octyl, 72% 
allyl, 72% 
benzyl, 64% 



In some embodiments, a carotenoid may be coupled to vitamin C. Vitamin C may be coupled to the 
carotenoid at the C-6, C-5 diol position as depicted in EQNS. 3 and 4 forming an acetal. 



(3) 



\A_,OH HO 





HO 



OH . 
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HO i_i 
.O HO. 1 =.0. 
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In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 

glyoxylate linker as depicted in EQN. 6. Tetrahedron 1989, 22, 6987-6998, discloses similar acetal formations. 

O O 



H 9 H 




a) AcCI 



OH b) SOCI 2 




AcO 



A^X^ T^O^'^V 0 Deprotection -/k^p^y 





(6) AcO OAc HO' OH 

In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 
glyoxylate linker as depicted in EQN. 7. 7. Med. Chem. 1988, 31, 1363-1368, discloses the glyoxylic acid chloride. 



O 




^J^/OH CI 

s/VW . 



OEt 




OEt 



HO u 





(7) HO OH 

In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 
phosphate linker as depicted in EQN. 8. Carbohydr. Res. 1988, 776, 73-78, discloses the L-ascorbate 6-phosphate. 

O 



A HO OH 



NaO^ JJy omo HO 

+ ,, \- — ^ ^ YY p-o. 1 = x>. 



(8) /\ HO OH 

In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 
phosphate linker as depicted in EQN. 9. Carbohydr. Res. 1979, 65, 313-319, discloses the 6-bromo derivative of 
vitamin C. Carbohydr. Res. 1988, 776, 73-78, discloses the 6-bromo derivative of vitamin C's reaction with 
phosphates. 
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In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 
phosphate linker as depicted in EQN. 10. J. Med Chem. 2001, 44, 1749-1757 and J. Med Chem. 2001, 44, 3710- 
3720, disclose the allyl chloride derivative and its reaction with nucleophiles, including phosphates, under mild 
basic conditions. 
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In some embodiments, a carotenoid may be coupled to a water soluble moiety (e.g., vitamin C) with a 
phosphate linker as depicted in EQN. 1 1 . Vitamin C may be coupled to the carotenoid using selective esterification 
at C-3 of unprotected ascorbic acid with primary alcohols. 

OH 



HO u 
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/\ HO OH 



O Mitsunobu 



OMe 




OH 



In some embodiments, a chemical compound may include a carotenoid derivative including one or more 
amino acids (e.g., lysine) and/or amino acid analogs (e.g., lysine hydrochloric acid salt) coupled to a carotenoid 
[e.g., structure (XX)]. 



HCI H 2 N 



HCI H 2 N 



(XX). 

In some embodiments, a carotenoid derivative may include: 
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In an embodiment, the carotenoid derivatives may be synthesized from naturally occurring carotenoids. 
The carotenoids may include structures 2A-2E depicted in FIG. 1. In some embodiments, the carotenoid derivatives 
may be synthesized from a naturally occurring carotenoid including one or more alcohol substituents. In other 
embodiments, the carotenoid derivatives may be synthesized from a derivative of a naturally occurring carotenoid 
including one or more alcohol substituents. The synthesis may result in a single stereoisomer. The synthesis may 
result in a single geometric isomer of the carotenoid derivative. The synthesis/synthetic sequence may include any 
prior purification or isolation steps carried out on the parent carotenoid. An example may include, but is not limited 
to, a 3S,3'S all-E carotenoid derivative, where the parent carotenoid is astaxanthin. The synthetic sequence may 
include protecting and subsequently deprotecting various functionalities of the carotenoid and/or substituent 
precursor. The alcohols may be deprotonated with a base. The deprotonated alcohol may be reacted with a 
substituent precursor with a good leaving group. The base may include any non-nucleophilic base known to one 
skilled in the art such as, for example, dimethylaminopyridine. The deprotonated alcohol may act as a nucleophile 
reacting with the substituent precursor, displacing the leaving group. Leaving goups may include, but are not 
* limited to, CI, Br, tosyl, brosyl, mesyl, or trifyl. These are only a few examples of leaving groups that may be used, 
many more are known and would be apparent to one skilled in the art. In some embodiments, it may not even be 
necessary to deprotonate the alcohol, depending on the leaving group employed. In other examples the leaving 
group may be internal and may subsequently be included in the final structure of the carotenoid derivative, a non- 
limiting example may include anhydrides or strained cyclic ethers. For example, the deprotonated alcohol may be 
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reacted with succinic anhydride. In an embodiment, the disuccinic acid ester of astaxanthin may be further 
converted to the disodium salt. Examples of synthetic sequences for the preparation of some of the specific 
embodiments depicted are described in the Examples section. The example depicted below is a generic non- 
limiting example of a synthetic sequence for the preparation of carotenoid derivatives. 




Ischemia-Reperfusion (I/R) Injury: Pathophysiologic Features 

Reperfusion of ischemic myocardium results in significant cellular and local alterations in at-risk tissue 
which exacerbate damage created by the ischemic insult. Specifically, vascular and microvascular injury, 
endothelial dysfunction, accelerated cellular necrosis, and granulocyte activation occur subsequent to reperfusion. 
Vascular and microvascular injury results from complement activation, the interaction of circulating and localized 
C-reactive protein with Clq and phosphocholine on exposed cells forming the membrane attack complex (MAC) 
with ensuing cell death and increased endothelial permeability, superoxide anion (0 2 -) generation by affected 
endothelium and activated leukocytes, microemboli, cytokine release (in particular IL-6), and activation of platelets 
with Ilbllla receptor activation, and subsequent release of ADP and serotonin. Endothelial dysfunction follows, 
with subsequent generation of superoxide anion by the dysfunctional endothelium, further damaging the affected 
endothelium in a positive feedback cycle. It has been shown that ischemia-reperfusion results in early and severe 
injury to the vasculature, which further compromises myocyte survival. Granulocyte activation also occurs during 
reperfusion. The activation and degranulation of this cell lineage results in the release of myeloperoxidase (MPO), 
elastases, proteases, and oxygen-derived radical and non-radical species (most importantly superoxide anion, 
hypochlorite, singlet oxygen, and hydrogen peroxide after the "respiratory burst"). Oxygen-derived radical and 
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non-radical (e.g. singlet oxygen) species are implicated in much of the damage associated with ischemia and 
reperfusion, and lipid peroxidation has clearly been shown to be a sequel of reperfusion as measured by 
thiobarbituric acid reactive substances (TBARS), malondialdehyde (MDA), or conjugated diene formaton. 

The ischemic insult to both the endothelium of coronary vessels and the myocardium itself creates 
conditions favoring the production of radicals and other non-radical oxygen-derived species capable of damaging 
tissue herein collectively referred to as reactive oxygen species ("ROS"). The endothelium-based xanthine 
dehydrogenase — xanthine oxidase system in humans is a source of the superoxide anion (0 2 -). The human 
myocardium lacks this enzyme system. In healthy tissue, 90% of the enzyme exists as the dehydrogenase (D) form; 
it is converted to the oxidase (O) form in ischemic tissue. The (O)-form, using molecular oxygen as the electron 
acceptor, produces the superoxide anion 0 2 - in the coronary endothelium. Superoxide anion is then available to 
create additional tissue damage in the local environment. The superoxide anion is not the most reactive or 
destructive radical species in biological systems on its own. However, it is the source of some shorter- and longer- 
lived, more damaging radicals and/or ROS such as the hydroxyl radical, hydrogen peroxide, singlet oxygen, and 
peroxyl radicals. As such, it can be considered the "lynchpin" radical in I/R injury. The biological reactions of the 
superoxide radical to form these important oxidants are shown below: 

(1) superoxide anion may accept a single electron ("monovalent reduction"), producing peroxide (0 2 " ). Coupled 
with 2 protons, peroxide then forms hydrogen peroxide (H 2 0 2 ). H 2 0 2 diffuses easily through cell membranes and 
cannot readily be excluded from the cytoplasm, where it may react with cellular components or activate central 
inflammatory cascades such as nuclear factor kappa-B (NF-kappa-B), which are also implicated in the additional 
inflammatory damage in I/R injury. 

(2) superoxide anion typically reacts with itself to produce hydrogen peroxide and oxygen ("dismutation"). 
Superoxide dismutation may be spontaneous, or catalyzed by the enzyme superoxide dismutase (SOD), a reaction 
which results in the formation of oxidized SOD: 

2 0 2 " + 2 H + -> H 2 0 2 + 3 0 2 

(3) superoxide anion may serve as a reducing agent and donate a single electron ("monovalent reduction") to a 
metal cation. For example, in the two step process below, ferric iron (Fe 34 ) is reduced and subsequently acts as a 
catalyst to convert hydrogen peroxide (H 2 0 2 ) into the hydroxyl radical (HO'). 

0 2 " + Fe 3+ -» 3 0 2 + Fe 2+ (step 1) 

Ferrous iron (Fe 2+ ), the reduced metal cation, subsequently catalyzes the breaking of the oxygen-oxygen bond of 
hydrogen peroxide. This produces one hydroxyl radical (HO') and one hydroxide ion (HO"). The reaction is known 
as the Fenton reaction, particularly important in reperfusion injury where iron and/or copper compartmentalization 
has been lost (typically through hemolysis of red blood cells, RBCs): 
Fe 2+ + H 2 0 2 -» Fe 3+ + HO' + HO' (step 2) 

Hydroxyl radicals readily cross cellular membranes. Hydroxyl radical damage is "diffusion rate-limited", that is, 
the 3-dimensional distance in which damage may be inflicted is related to the radical's rate of diffusion. The 
hydroxyl radical is a particularly toxic ROS. Hydroxyl radicals may add to organic substrates (represented by R in 
the reaction below) and form a hydroxylated adduct which is itself a radical. In the case of ischemia-reperfusion 
injury, polyunsaturated fatty acids (PUFAs) in endothelial and myocyte membranes are particularly susceptible to 
hydroxyl radical damage: 
HO' + R -> HOR* (hydroxylated adduct) 
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The adduct formed above may further oxidize in the presence of metal cations or molecular oxygen. This results in 
oxidized, stable product(s). In the first case, the extra electron is transferred to the metal ion, and in the second 
case, to oxygen (forming superoxide). Two adduct radicals may also react with each other forming oxidized, stable, 
and crosslinked products plus water. This is an important process in the oxidation of membrane proteins: 
HOR* + HOR* R— R + 2 H 2 0 

In addition, hydroxyl radicals may oxidize organic substrates by abstracting electrons from such molecules: 
HO* + R -> R' + OH" 

The oxidized substrate (R') is a radical. Such radicals may react with other molecules in a chain reaction. 
Carotenoids are particularly efficient lipid-peroxidation chain breakers. In one instance, the reaction with ground- 
state oxygen produces peroxyl radicals (ROO*): 
R* + 3 O z -> ROO* 

Peroxyl radicals are very reactive. They may react with other organic substrates in a chain reaction: 
ROO' + RH -> ROOH + R* 

Chain reactions are common in the oxidative damage of PUFAs and other susceptible membrane lipids. 
Measurement of the rate of oxygen consumption is one indication of the initiation and progress of the chain 
reaction. It is important to note that, in liposomal model systems, non-esterified, free astaxanthin at the appropriate 
dose is capable of complete suppression of the chain reaction and accompanying oxygen consumption. 

(4) superoxide anion may react with the hydroxyl radical (HO*) to form singlet oxygen ( 1 0 2 *). Singlet oxygen is 
not a radical, but is highly reactive and damaging in cardiac biological systems. Singlet oxygen has been implicated 
in the destruction of membrane-bound proteins such as 5 '-nucleotidase, important in the maintenance or restoration 
of local concentrations of vasodilatory compounds such as adenosine (shown to be effective in humans for 
reduction of infarct size): 

0 2 " + HO' -> *0 2 * +HO" 

V 

(5) superoxide anion may also react with the radical nitric oxide (NO*), producing peroxynitrite (OONO). 
Peroxynitrite is a highly reactive and damaging molecule in biological systems. 

0 2 _ + NO* -» OONO" 

Polymorphonuclear leukocytes (PMNs), in particular neutrophils, and activated macrophages are a rich 
source of oxygen-derived radical and non-radical species. The NADPH-oxidase system located in phagocyte cell 
membranes is an important source of radicals following stimulation. The PMNs and activated macrophages rapidly 
consume oxygen in the "respiratory burst" and convert it to superoxide anion and subsequently hydrogen peroxide 
(H 2 0 2 ), as well as significant amounts of singlet oxygen. PMNs are additionally a source of hypochlorite, another 
damaging reactive oxygen species. While important in phagocytic cell activity in infection, in the local 
environment during ischemia and reperfusion, further cellular injury occurs as these ROS attack normal and 
damaged host cells in the local area. 

Neutrophils are a primary source of oxygen radicals during reperfusion after prolonged myocardial 
ischemia, particularly in animal models of experimental infarction. Many prior studies have documented oxygen 
radical formation during ischemia-reperfusion, but few addressed the source(s) of such radicals in vivo, or had 
examined radical generation in the context of prolonged myocardial ischemia. Neutrophils are recruited in large 
amounts within the previously ischemic tissue and are thought to induce injury by local release of various 
mediators, chiefly oxygen radicals. Previously, the contribution of activated neutrophils to reperfusion injury and 
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potential myocardial salvage remained unclear. A methodology was developed to detect radicals, in particular 
superoxide anion, without interfering with the blood-borne mechanisms of radical generation. 

Open- and closed-chest dogs underwent aorta and coronary sinus catheterization (Duilio et al. 2001). No 
chemicals were infused. Instead, blood was drawn into syringes pre-filled with a spin trap and analyzed by electron 
paramagnetic resonance (EPR) spectroscopy. After 90 minutes of coronary artery occlusion, the transcardiac 
concentration of oxygen radicals rose several-fold 10 minutes after reflow, and remained significantly elevated for 
at least 1 hour. Radicals were mostly derived from neutrophils, in particular superoxide anion. These radicals 
exhibited marked reduction after the administration of (1) neutrophil NADPH-oxidase inhibitors and (2) a 
monoclonal antibody (R15.7) against neutrophil CD18-adhesion molecule. The first intervention was designed to 
reduce the neutrophil respiratory burst, and the second to reduce recruitment of neutrophils to the site(s) of 
reperfusion injury. The reduction of radical generation by the monoclonal antibody R15.7 was also associated with 
a significantly smaller infarct size and with a concomitant decrease in no-reflow areas. It was demonstrated for the 
first time that activated neutrophils were a major source of oxidants in hearts reperfused in vivo after prolonged 
ischemia, that this phenomenon was long-lived, and that anti-neutrophil interventions could effectively prevent the 
increase in transcardiac concentration of oxygen radicals during reperfusion. In these animal models of 
experimental infarction, the lack of pre-existing pathology prior to coronary artery occlusion may over-emphasize 
the contribution of neutrophilic recruitment and activation to I/R injury; indeed, in the human atherosclerotic 
situation, activated macrophages and activated T-lymphocytes already residing in the "area-at-risk" may also 

contribute substantially to I/R injury. 

Ischemia causes depletion of ATP in cells in the affected area. At the level of the mitochondrial electron 
transport chain, which normally "leaks" approximately 5% of the processed electrons in healthy tissue, further 
leakage of partially-reduced oxygen species (in particular 0 2 -) is favored when the respiratory chain becomes 
largely reduced. This happens primarily during ischemia. The net effect in the local cellular environment is a tip in 
the balance of the redox status from anti-oxidant to pro-oxidant, which is at the same time less capable of absorbing 
additional radical insult(s) without further cellular damage. 

Prevention of Ischemia-Reperfusion Injury: Pharmacologic Agents Used in Previous Animal and/or Human 

Trials 

The following compounds have been evaluated, either in animal models or in limited human trials, as 
therapeutic agents for the reduction of ischemia-rep erfusion injury and/or myocardial salvage during acute 
myocardial infarction (AMI). Most are biological antioxidants. 

• Superoxide dismutase (and derivatives or mimetics) 

• Catalase 

• Glutathione and glutathione peroxidase 

• Xanthine oxidase inhibitors 

• Vitamins B, C, E (and derivatives) 

• Calcium antagonists 

• ACE inhibitors 

• Sulphydryl thiol compounds (in particular N-acetylcysteine) 

• Iron chelators (desferioxamine) 

• Antiinflammatories (e.g., ibuprofen) 
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• Phosphocreatine 

• N-2-mercaptopropionyl glycine (MPG) 

• Probucol (and derivatives) 

• Melatonin 

• Coenzyme Q-10 

Seminal work by Singh and co-workers in India previously demonstrated that human patients presenting with 
acute myocardial infarction are depleted in endogenous antioxidants, and that supplementation with antioxidant 
cocktails and/or monotherapy with coenzyme Q10 (a potent lipophilic antioxidant) were useful to achieve both 
myocardial salvage and improvement in traditional hard clinical endpoints (such as total cardiac deaths and nonfatal 
reinfarction) at 30 days post- AMI. The AMISTAD trial demonstrated the usefulness of adenosine as a myocardial 
salvage agent in 3 separate groups of patients. RheothRx™ (a rheological agent) was also efficacious as a salvage 
agent in human trials, but was abandoned secondary to renal toxicity. Most recently, Medicure, Inc. demonstrated 
the utility of a vitamin B derivative for myocardial salvage in a small Phase II pilot study in collaboration with the 
Duke Clinical Research Institute. Hence, the "translational" problem (from efficacy in animal models of 
experimental infarction to human clinical efficacy) identified in previous reviews of I/R injury is now better 
understood. However, the commercial window-of-opportunity still exists, as no agent has been specifically 
approved for human use as a salvage agent. 

Timing of Treatment For Myocardial Ischemia-Reperfusion Injury 

As discussed above, early reperfusion of acute myocardial infarctions (primarily with pharmacological or 
surgical reperfusion) halts cell death due to ischemia, but paradoxically causes further injury — most likely by 
oxidant mechanisms. Horwitz et al. (1999) identified the window of opportunity during which antioxidants must be 
present in therapeutic concentrations to prevent reperfusion injury during 90 minutes of ischemia, and 48 hours of 
subsequent reperfusion, in 57 dogs. Statistical analyses in the trial focused on identifying components of group 
membership responsible for differences in infarct size, and revealed that duration of treatment was a major 
determinant. If begun at any time within the first hour of reperfusion, infusions of greater than or equal to 3 hours 
markedly diminished infarct size. Duilio et al. (2001) further clarified this issue by demonstrating that oxygen 
consumption reflective of the peroxyl radical chain reaction begins 10 minutes after reperfusion, and that radical 
activity remains elevated for at least the first hour of reperfusion in a canine model. Singh et al. (1996) previously 
demonstrated in human patients that myocardial salvage, and improvement of hard clinical endpoints (nonfatal 
reinfarction, death) was possible starting antioxidant therapy on average 13 hours post-MI, and continuing for 28 
days. Therefore, plasma antioxidants with long half-lives may be particularly appropriate for this setting, as they 
may be administered as a loading dose and allowed to decay in the plasma throughout the critical early post- AMI 
period (0 to 24 hours). The plasma half-lives of carotenoids administered orally range from approximately 21 hours 
for the xanthophylls ("oxygenated" carotenoids including astaxanthin, capsanthin, lutein, and zeaxanthin) to 222 
hours for carotenes ("hydrocarbon" carotenoids such as lycopene). The significant difference in plasma antioxidant 
half-life (7 minutes) in the trial by Horwitz et al. (1999), for superoxide dismutase and its mimetics in human 
studies, versus a nearly 21 hour half-life for xanthophylls and nearly 9 days for carotenes, highlights the 
pharmacokinetic advantages and potential cardioprotection against I/R injury by carotenoids in AMI in humans. 



Critical Appraisal of Antioxidants in Reperfusion Injury: Human Studies 
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Mean levels of vitamins A, C, E, and p-carotene were significantly reduced in patients presenting with 
\MI, compared with control patients in a study conducted by Singh et al. (1994). Lipid peroxides were 
significantly elevated in the AMI patients. The inverse relationship between AMI and low plasma levels of 
vitamins remained significant after adjustment for smoking and diabetes in these patients. Similarly, 38 patients 
with AMI were studied by Levy et al. (1998), and exhibited significantly decreased levels of vitamins A, E, and p- 
-arotene compared with age-matched, healthy control subjects. After thrombolysis, lipid peroxidation products 
increased significantly in the serum of treated patients. Thrombolytic therapy also caused a significant decrease in 
plasma vitamin E levels. These descriptive studies indicate that upon presentation with AMI, it is likely that serum 
levels of antioxidant vitamins will be decreased in patients undergoing an acute coronary event. Pharmacologic 
intervention with antioxidant compounds in the acute setting would likely remedy deficiencies in antioxidant 
vitamins and total body antioxidant status. 

Prospective human intervention trials with antioxidants in the setting of primary and/or secondary 
prevention of CVD are similarly limited, but have been largely successful. Four out of five recent human studies 
strongly support the effectiveness of vitamin E in reducing heart disease risk and complication rates. The 
Secondary Prevention with Antioxidants of Cardiovascular Disease in End-Stage Renal Disease study, in patients 
with significant kidney disease, revealed a 70% reduction in nonfatal MI in patients given 800 IU per day of natural 
source vitamin E. Similarly, as mentioned herein, a number of agents have now been successfully applied to 
myocardial salvage applications in humans. 

Delivery of a low molecular weight compound intravenously in the acute setting to inhibit or ameliorate 
I/R injury will require an evaluation of its immunogenicity. The incidence of transfusion-type and other adverse 
reactions to the rapid infusion of the compound must be minimized. Compounds with a molecular weight < 1000 
Da, e.g. aspirin, progesterone, and astaxanthin, are likely not immunogenic unless complexed with a carrier. As 
molecular weight increases to between 1000 and 6000 Da, e.g. insulin and ACTH, the compound may or may not 
be immunogenic. As molecular weight increases to > 6000 Da, the compound is likely to be immunogenic. In 
addition, lipids are rarely immunogenic, again unless complexed to a carrier. Astaxanthin, as a xanthophyll 
carotenoid, is highly lipid soluble in natural form. It is also small in size (597 Da). Therefore, an injectable 
astaxanthin structural analog has a low likelihood of immunogenicity in the right formulation, and is a particularly 
desirable compound for the current therapeutic indication. 

Prevention of Arrhythmia: Pharmacologic Agents Used in Previous Animal Trials 

Studies conducted by Gutstein et al. (2001) evaluated genetically modified mice incapable of expressing 
connexin 43 in the myocardium [Cx43 conditional knockout (CKO) mice]. Gutstein et al. discovered that despite 
normal heart structure and contractile performance, Cx43 CKO mice uniformly developed sudden cardiac death, 
apparently from spontaneous ventricular lethal tachycardia(s). This data supports the critical role of the gap 
junction channel, and connexin 43 in particular, in maintaining cardiac electrical stability. Connexin 43, which is 
capable of being induced by carotenoids, is the most widely expressed connexin in human tissues. Carotenoids, and 
carotenoid structural analogs, therefore, may be used for the treatment of arrhythmia. 

Prevention of Cancer: Pharmacologic Agents Used in Previous Animal Trials 

Carotenoids have been evaluated, mostly in animal models, for their possible therapeutic value in the 
prevention and treatment of cancer. Previously the antioxidant properties of carotenoids were the focus of studies 
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directed towards carotenoids and their use in cancer prevention. Studies conducted by Bertram et al. (1991) pointed 
towards the fact that although carotenoids were antioxidants, this particular property did not appear to be the major 
factor responsible for their activity as cancer chemopreventive agents. It was, however, discovered that the activity 
of carotenoids was strongly correlated with their ability to upregulate gap junctional communication. It has been 
postulated that gap junctions serve as conduits for antiproliferative signals generated by growth-inhibited normal 
cells. Connexin 43, which is capable of being induced by carotenoids, is the most widely expressed connexin in 
human tissues. Upregulation of connexin 43, therefore, may be the mechanism by which carotenoids are useful in 
the chemoprevention of cancer in humans and other animals. And recently, a human study by Nishino et al. (2003) 
demonstrated that a cocktail of carotenoids (10 mg lycopene, 5 mg each of a- and (3-carotene) given by chronic oral 
administration was efficacious in the chemoprevention of hepatocellular carcinoma in high-risk cirrhotic patients in 
Japan. It is likely, then, that more potent cancer-chemopreventive carotenoids (such as astaxanthin), which 
accumulate more dramatically in liver, will be particularly useful embodiments. 

Use of Carotenoids for the Treatment of Ischemia-Reperfusion Injury, Liver Disease, Arrhythmia, and 

Cancer 

As used herein the terms "inhibiting" and "ameliorating" are generally defined as the prevention and/or 
reduction of the negative consequences of a disease state. Thus, the methods and compositions described herein 
may have value as both an acute and a chronic (prophylactic) modality. 

As used herein the term "ischemia-reperfusion injury" is generally defined as the pathology attributed to 
reoxygenation of previously ischemic tissue (either chronically or acutely ischemic), which includes atherosclerotic 
and thromboembolic vascular disease and its related illnesses. In particular, major diseases or processes including 
myocardial infarction, stroke, peripheral vascular disease, venous or arterial occlusion, organ transplantation, 
coronary artery bypass graft surgery, percutaneous transluminal coronary angioplasty, and cardiovascular arrest 
and/or death are included, but are not seen as limiting for other pathological processes which involve reperfusion of 
ischemic tissue in their individual pathologies. 

As used herein the term "arrhythmia" is generally defined as any variation from the normal rhythm of the 
heart beat, including sinus arrhythmia, premature beat, heart block, atrial fibrillation, atrial flutter, ventricular 
tachycardia, ventricular fibrillation, pulsus alternans and paroxysmal tachycardia. As used herein the term "cardiac 
arrhythmia" is generally defined as a disturbance of the electrical activity of the heart that manifests as an 
abnormality in heart rate or heart rhythm. Arrhythmia is most commonly related to cardiovascular disease, and in 
particular, ischemic heart disease. 

As used herein the term "cancer" is generally considered to be characterized by the uncontrolled, abnormal 
growth of cells. In particular, cancer may refer to tissue in a diseased state including carcinogen-initiated and 
carcinogen-transformed cells. 

As used herein the terms "structural carotenoid analogs" may be generally defined as carotenoids and the 
biologically active structural analogs thereof. Typical analogs include molecules which demonstrate equivalent or 
improved biologically useful and relevant function, but which differ structurally from the parent compounds. 
Parent carotenoids are selected from the more than 600 naturally-occurring carotenoids described in the literature, 
and their stereo- and geometric isomers. Such analogs may include, but are not limited to, esters, ethers, 
carbonates, amides, carbamates, phosphate esters and ethers, sulfates, glycoside ethers, with or without spacers 
(linkers). 
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As used herein the terms "the synergistic combination of more than one structural analog of carotenoids" 
may be generally defined as any composition including one structural carotenoid analog combined with one or more 
other structural carotenoid analogs or co-antioxidants, either as derivatives or in solutions and/or formulations. 

As used herein the terms "subject" may be generally defined as all mammals, in particular humans. 

As used herein the terms "administration" may be generally defined as the administration of the 
pharmaceutical or over-the-counter (OTC) or nutraceutical compositions by any means that achieves their intended 
purpose. For example, administration may include parenteral, subcutaneous, intravenous, intracoronary, rectal, 
intramuscular, intra-peritoneal, transdermal, or buccal routes. Alternatively, or concurrently, administration may be 
by the oral route. The dosage administered will be dependent upon the age, health, weight, and disease state of the 
recipient, kind of concurrent treatment, if any, frequency of treatment, and the nature of the effect desired. Any 
techniques described herein directed towards the inhibition of ischemia-reperfusion injury may also be applied to 
the inhibition or amelioration of a liver disease, a non-limiting example being Hepatitis C infection. Techniques 
described herein directed towards the inhibition and/or amelioration of ischemia-reperfusion injury may also be 
applied to the inhibition and/or amelioration of arrhythmia. Techniques described herein directed towards the 
inhibition and/or amelioration of ischemia-reperfusion injury may also be applied to the inhibition and/or 
amelioration of cancer. 

An embodiment may include the administration of structural carotenoid analogs alone or in combination to 
a subject such that the occurrence of ischemia-reperfusion injury is thereby inhibited and/or ameliorated. The 
structural carotenoid analogs may be water soluble and/or water dispersible derivatives. The carotenoid derivatives 
may include any substituent that substantially increases the water solubility of the naturally occurring carotenoid. 
The carotenoid derivatives may retain and/or improve the antioxidant properties of the parent carotenoid. The 
carotenoid derivatives may retain the non-toxic properties of the parent carotenoid. The carotenoid derivatives may 
have increased bioavailability, relative to the parent carotenoid, upon administration to a subject. The parent 
carotenoid may be naturally occurring. 

Another embodiment may include the administration of a composition comprised of the synergistic 
combination of more than one structural analog of carotenoids to a subject such that the occurrence of ischemia- 
reperfusion injury is thereby reduced. The composition may be a "racemic" (i.e. mixture of the potential 
stereoisomeric forms) mixture of carotenoid derivatives. Included as well are pharmaceutical compositions 
comprised of structural analogs of carotenoids in combination with a pharmaceutically acceptable carrier (e.g., 
human serum albumin). In one embodiment, structural analogs of carotenoids may be complexed with human 
serum albumin (i.e., HSA) in a solvent. HSA may act as a pharmaceutically acceptable carrier. 

In some embodiments, compositions may include all compositions of 1 .0 gram or less of a particular 
structural carotenoid analog, in combination with 1.0 gram or less of one or more other structural carotenoid 
analogs and/or co-antioxidants, in an amount which is effective to achieve its intended purpose. While individual 
subject needs vary, determination of optimal ranges of effective amounts of each component is with the skill of the 
art. Typically, a structural carotenoid analog may be administered to mammals, in particular humans, orally at a 
dose of 5 to 100 mg per day referenced to the body weight of the mammal or human being treated for ischemia- 
reperfusion injury. Typically, a structural carotenoid analog may be administered to mammals, in particular 
humans, parenterally at a dose of between 5 to 500 mg per day referenced to the body weight of the mammal or 
human being treated for reperfusion injury. In other embodiments, about 100 mg of a structural carotenoid analog 
is either orally or parenterally administered to treat or prevent ischemia-reperfusion injury. 
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The unit oral dose may comprise from about 0.25 mg to about 1.0 gram, or about 5 to 25 mg, of a 
structural carotenoid analog. The unit parenteral dose may include from about 25 mg to 1 .0 gram, or between 25 
mg and 500 mg, of a structural carotenoid analog. The unit intracoronary dose may include from about 25 mg to 
1.0 gram, or between 25 mg and 100 mg, of a structural carotenoid analog. The unit doses may be administered one 
or more times daily, on alternate days, in loading dose or bolus form, or titrated in a parenteral solution to 
commonly accepted or novel biochemical surrogate marker(s) or clinical endpoints as is with the skill of the art. 

In addition to administering a structural carotenoid analog as a raw chemical, the compounds may be 
administered as part of a pharmaceutical preparation containing suitable pharmaceutically acceptable carriers, 
preservatives, excipients and auxiliaries which facilitate processing of the structural carotenoid analog which may 
be used pharmaceutically. The preparations, particularly those preparations which may be administered orally and 
which may be used for the preferred type of administration, such as tablets, softgels, lozenges, dragees, and 
capsules, and also preparations which may be administered rectally, such as suppositories, as well as suitable 
solutions for administration by injection or orally, may be prepared in dose ranges that provide similar 
bioavailability as described above, together with the excipient. 

The pharmaceutical preparations may be manufactured in a manner which is itself known to one skilled in 
the art, for example, by means of conventional mixing, granulating, dragee-making, softgel encapsulation, 
dissolving, extracting, or lyophilizing processes. Thus, pharmaceutical preparations for oral use may be obtained by 
combining the active compounds with solid and semi-solid excipients and suitable preservatives, and/or co- 
antioxidants. Optionally, the resulting mixture may be ground and processed. The resulting mixture of granules 
may be used, after adding suitable auxiliaries, if desired or necessary, to obtain tablets, softgels, lozenges, capsules, 
or dragee cores. 

Suitable excipients may be fillers such as saccharides (e.g., lactose, sucrose, or mannose), sugar alcohols 
(e.g., mannitol or sorbitol), cellulose preparations and/or calcium phosphates (e.g., tricalcium phosphate or calcium 
hydrogen phosphate). In addition binders may be used such as starch paste (e.g., maize or corn starch, wheat starch, 
rice starch, potato starch, gelatin, tragacanth, methyl cellulose, hydroxypropylmethylcellulose, sodium 
carboxymethylcellulose, and/or polyvinyl pyrrolidone). Disintegrating agents may, be added (e.g., the above- 
mentioned starches) as well as carboxymethyl-starch, cross-linked polyvinyl pyrrolidone, agar, or alginic acid or a 
salt thereof (e.g., sodium alginate). Auxiliaries are, above all, flow-regulating agents and lubricants (e.g., silica, 
talc, stearic acid or salts thereof, such as magnesium stearate or calcium stearate, and/or polyethylene glycol, or 
PEG). Dragee cores are provided with suitable coatings which, if desired, are resistant to gastric juices. Softgelatin 
capsules ("softgels") are provided with suitable coatings, which, typically, contain gelatin and/or suitable edible 
dye(s). Animal component-free and kosher gelatin capsules may be particularly suitable for the embodiments 
described herein for wide availability of usage and consumption. For this purpose, concentrated saccharide 
solutions may be used, which may optionally contain gum arabic, talc, polyvinyl pyrrolidone, polyethylene glycol 
(PEG) andVor titanium dioxide, lacquer solutions and suitable organic solvents or solvent mixtures, including 
dimethylsulfoxide (DMSO), tetrahydrofuran (THF), acetone, ethanol, or other suitable solvents and co-solvents. In 
order to produce coatings resistant to gastric juices, solutions of suitable cellulose preparations such as 
acetylcellulose phthalate or hydroxypropylmethyl-cellulose phthalate, may be used. Dye stuffs or pigments may be 
added to the tablets or dragee coatings or softgelatin capsules, for example, for identification or in order to 
characterize combinations of active compound doses, or to disguise the capsule contents for usage in clinical or 
other studies. 
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Other pharmaceutical preparations which may be used orally include push-fit capsules made of gelatin, as 
well as soft, thermally- sealed capsules made of gelatin and a plasticizer such as glycerol or sorbitol. The push-fit 
capsules may contain the active compounds in the form of granules which may be mixed with fillers such as, for 
example, lactose, binders such as starches, and/or lubricants such as talc or magnesium stearate and, optionally, 
stabilizers and/or preservatives. In soft capsules, the active compounds may be dissolved or suspended in suitable 
liquids, such as fatty oils such as rice bran oil or peanut oil or palm oil, or liquid paraffin. In other embodiments, 
stabilizers and preservatives may be added. 

Possible pharmaceutical preparations which may be used rectally include, for example, suppositories, 
which consist of a combination of the active compounds with a suppository base. Suitable suppository bases are, 
for example, natural or synthetic triglycerides, or parrafm hydrocarbons. In addition, it is also possible to use 
gelatin rectal capsules which consist of a combination of the active compounds with a base. Possible base materials 
include, for example, liquid triglycerides, polyethylene glycols, or paraffin hydrocarbons. 

Suitable formulations for parenteral administration include, but are not limited to, aqueous solutions of the 
active compounds in water-soluble and/or water dispersible form, for example, water-soluble salts, esters, 
carbonates, phosphate esters or ethers, sulfates, glycoside ethers, together with spacers and/or linkers. In addition, 
suspensions of the active compounds as appropriate oily injection suspensions may be administered, particularly 
suitable for intramuscular injection. Suitable lipophilic solvents, co-solvents (such as DMSO or ethanol), or 
vehicles including fatty oils, for example, rice bran oil or peanut oil and/or palm oil, or synthetic fatty acid esters, 
for example, ethyl oleate or triglycerides, may be used. Aqueous injection suspensions may contain substances 
which increase the viscosity of the suspension including, for example, sodium carboxymethyl cellulose, sorbitol, 
dextran, and/or cyclodextrins. Cyclodextrins (e.g., p-cyclodextrin) may be used specifically to increase the water 
solubility for parenteral injection of the structural carotenoid analog. Liposomal formulations, in which mixtures of 
the structural carotenoid analog with, for example, egg yolk phosphotidylcholine (E-PC), may be made for 
injection. Optionally, the suspension may also contain stabilizers, for example, antioxidants such as BHT, or 
preservatives, such as benzyl alcohol. 

EXAMPLES 

Having now described the invention, the same will be more readily understood through reference to the 
following example(s), which are provided by way of illustration, and are not intended to be limiting of the present 
invention. 

Regarding the synthesis and characterization of compounds described herein, reagents were purchased 
from commercial sources and used as received unless otherwise indicated. Solvents for reactions and isolations 
were reagent grade and used without purification unless otherwise indicated. All of the following reactions were 
performed under nitrogen (N 2 ) atmosphere and were protected from direct light. "Racemic" astaxanthin (as the 
mixture of stereoisomers 3S,3'S, meso, and 3R,3'R in a 1:2:1 ratio) was purchased from Divi's Laboratories, Ltd 
(Buckton Scott, India). "Racemic" lutein and zeaxanthin were purchased from Indofme Chemical Co., Inc. Thin- 
layer chromatography (TLC) was performed on Uniplate Silica gel GF 250 micron plates. HPLC analysis for in- 
process control (IPC) was performed on a Varian Prostar Series 210 liquid chromatograph with an Alltech Rocket, 
Platinum-C18, 100 A, 3 urn, 7 x 53 mm, PN 50523; Temperature: 25°C; Mobile phase: (A = water; B = 10% 
dichloromethane/methanol), 40% A/60% B (start); linear gradient to 100% B over 8 min; hold 100% B over 4 min, 
linear gradient to 40% A/60%B over 1 min; Flow rate: 2.5 mL/min; Starting pressure: 2050 PSI; PDA Detector 
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wavelength: 474 nm. NMR was recorded on a Bruker Advance 300 and mass spectroscopy was taken on a 
ThermoFinnigan AQA spectromometer. LC/MS was recorded on an Agilent 1100 LC/MSD VL ESI system; 
column: Zorbax Eclipse XDB-C18 Rapid Resolution (4.6 x 75 mm, 3.5 urn, USUT002736); temperature: 25 °C; 
starting pressure: 107 bar; flow rate: 1.0 mL/ min.; mobile phase (%A= 0.025% TFA in H z O, %B= 0.025% TFA in 
acetonitrile) Method 1 (compounds 8-21, 23-27, 30,31): 70% AJ 30% B (start), step gradient to 50% B over 5 min., 
step gradient to 98% B over 8.30 min., hold at 98% B over 15.20 min., step gradient to 30% B over 15.40 min.; 
Method 2 (compounds 28,29): 70% AI 30% B (start), step gradient to 50% B over 4 min., step gradient to 90% B 
over 7.30 min., step gradient to 98% B over 10.30 min., hold at 98% B over 15.20 min., step gradient to 30% B 
over 15.40 min.; Method 3 (compound 22): 70% AI 30% B (start), step gradient to 50% B over 5 min., step gradient 
to 98% B over 8.30 min., hold at 98% B over 25.20 min., step gradient to 30% B over 25.40 min.; PDA Detector: 
470 nm; LRMS: + mode, ESI. 




(2E) 

Astaxanthin (2E). HPLC retention time: 11.629 min., 91.02% (AUC); LRMS (ESI) tn/z (relative intensity): 598 
(M + +2H) (60), 597 (M + +H) (100); HPLC retention time: 12.601 min., 3.67% (AUC); LRMS (ESI) tn/z (relative 
intensity): 597 (M + +H) (100); HPLC retention time: 12.822 min., 5.31% (AUC); LRMS (ESI) m/z (relative 
intensity): 597 (M + +H) (100). 



HO' 




OH 



(XXX) 

Lutein (XXX). HPLC retention time: 12.606 min., 100% (AUC); LRMS (ESI) m/z (relative intensity): 568 (M*) 
(100). 




(XXXI) 

Zeaxanthin (XXXI). HPLC retention time: 12.741 min., 100% (AUC); LRMS (ESI) m/z (relative intensity): 568 
(M+) (100). 

Example 1: Synthesis of XV (the Disuccinic Acid ester of Astaxanthin (Succinic acid mono-(4-{18-[4-(3- 
carboxy-propionyloxy)~2,6,6-trimeth^ 

l,3 ? 5,7 > 9 5 ll,13 ? 15 J 17-nonaenyl}-3 ? 5,5-trimethyl-2"OXO-cyclohex-3-enyI) ester)) 

O O 





O O (XV) 

To a solution of astaxanthin 2E (6.0 g, 10.05 mmol) in DCM ("dichloromethane") (50 mL) at room 
temperature was added DIPEA CW,AT-diisopropylethylamine") (35.012 mL, 201 mmol), succinic anhydride (10.057 
g, 100.5 mmol), and DMAP C c 4-(dimethylamino)pyridine") (0.6145 g, 5.03 mmol). The reaction mixture was 
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stirred at room temperature for 48 hours, at which time the reaction was diluted with DCM, quenched with brine/ 
1M HC1 (60 mL/ 10 mL), and then extracted with DCM. The combined organic layers were dried over Na 2 S0 4 and 
concentrated to yield astaxanthin disuccinate (XV) (100%) HPLC retention time: 10.031 min., 82.57% (AUC); 
LRMS (ESI) m/z (relative intensity): 798 (M + +2H) (52), 797 (M + +H) (100); HPLC retention time: 10.595 min., 
4.14% (AUC); LRMS (ESI) m/z (relative intensity): 797 (M + +H) (40), 697 (100); HPLC retention time: 10.966 
min., 5.68% (AUC); LRMS (ESI) m/z (relative intensity): 797 (M + +H) (100), 679 (31); HPLC retention time: 
11.163 min., 7.61% (AUC); LRMS (ESI) m/z (relative intensity): 797 (M + +H) (38), 679 (100), and no detectable 
astaxanthin 2E. 

Example 2: Synthesis of XVI (the Disodium Salt of the Disuccinic Acid ester of Astaxanthin (Succinic acid 
mono-(4-{18-[4-(3-carboxy-propionyto^ 

i 

octadeca-l 3 3,5,7,9 ? ll,13 ? 15,17-nonaenyl}-3,5,5-trimethyl-2-oxo-cyclohex-3-enyI) ester)) 



O O 




Disuccinic acid ester of astaxanthin (2 g, 2.509 mmol) and 200 mL ethanol was stirred at room temperature 
under nitrogen in a 500 mL round-bottom flask. Sodium ethoxide (340 mg, 5.019 mmol, Acros #A012556101) was 
added as a solid in a single portion and the solution was allowed to stir overnight. The following day, the 
precipitate was filtered off and washed with ethanol followed by methylene chloride to afford a purple solid, the 
disodium salt of the disuccinic acid ester of astaxanthin, XVI [1.41 g, 67%] and was placed on a high vacuum line 
to dry. 'H-NMR (Methanol-^) 5 6.77-6.28 (14 H, m), 5.53 (2 H, dd, J=12.6, 6.8), 2.68-2.47 (8 H, m), 2.08-1.88 (22 
H,m), 1.37 (6H, s), 1.24 (6H, s); 13 C NMR (CDC1 3 ) 5 196.66, 180.80, 175.01, 163.69, 144.12, 141.38, 138.27, 
136.85, 136.12, 135.43, 132.35, 129.45, 126.22, 124.71, 72.68, 44.09, 38.63, 34.02, 32.34, 31.19, 26.86, 14.06, 
13.19, 12.91; Mass spectroscopy +ESI, 819.43 monosodium salt, 797.62 disuccinic acid ester of astaxanthin; HPLC 
7.41 min (99.84%). 



Example 3: Synthesis of the BocLys(Boc)OH ester of Astaxanthin (XXI). 




HPLC: Column: Waters Symmetry C18 3.5 micron 4.6 mm x 150 mm; Temperature: 25°C; Mobile phase: (A = 
0.025 % TFA in H 2 0; B = 0.025% TFA in MeCN), 95% A/5% B (start); linear gradient to 100% B over 12 min, 
hold for 4 min; linear gradient to 95% B/5% A over 2 min; linear gradient to 95% A/5% B over 4 min; Flow rate: 
2.5 mL/min; Detector wavelength: 474 nm. 

To a mixture of astaxanthin 2E (11.5 g, 19.3 mmol) and BocLys(Boc)OH (20.0 g, 57.7 mmol) in 
methylene chloride (500 mL) were added 4-dimethylaminopyridine (DMAP) (10.6 g, 86.6 mmol) and 1,3- 
diisopropylcarbodiimide ("DIC") (13.4 g, 86.7 mmol). The round-bottomed flask was covered with aluminum foil 
and the mixture was stirred at ambient temperature under nitrogen overnight. After 16 hours, the reaction was 
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incomplete by HPLC and TLC. An additional 1.5 equivalents of DMAP and DIC were added to the reaction and 
after 2 hours, the reaction was complete by HPLC. The mixture was then concentrated to 100 mL and a white solid 
(1,3-diisopropylurea) was filtered off. The filtrate was flash chromatographed through silica gel (10% to 50% 
Heptane/EtOAc) to give the desired product as a dark red solid (XXI) (28.2 g, >100% yield). J H NMR (DMSO-d 6 ) 
5 7.24 (2 H, t, J=6.3 Hz), 6.78 (2 H, d, 5.0 Hz), 6.57-6.27 (14 H, m), 5.50-5.41 (2 H, m), 3.99-3.97 (2 H, d, 6.0 Hz), 
2.90 (4 H, m), 2.03 (4 H, m), 2.00 (6 H, s), 1.97 (6 H, s), 1.82 (6 H, s), 1.70-1.55 (4 H, m), 1.39-1.33 (36 H, m), 
1.24-1.13 (8 H, m), 1.01-0.99 (6 H, m), 0.86-0.83 (6 H, m). HPLC: 21.3 min (24.6% AUG)); 22.0 min (48.1% 
(AUC)); 22.8 min (20.6% (AUC)). TLC (1:1 Heptane/EtOAc: R f 0.41; R f 0.5; R f 0.56). LC/MS analysis was 
performed on a Agilent 1 100 LC/MSD VL ESI system by flow injection in positive mode; Mobile Phase: 
A=0.025% TFA in H 2 0; B=0.025%TFA in MeCN, 10%A/90%B (start); Starting pressure: 10 bar; PDA Detector 
470 nm. +ESI, m/z= 1276.1 (M+Na 4 ). 

Example 4: Synthesis of the Tetrahydrochloride Salt of the Dilysinate ester of Astaxanthin (XX). 

A mixture of DiBocLys(Boc) ester of astaxanthin (XXI) (20.0 g, 16.0 mmol) and HC1 in 1,4-dioxane 
(4.00 M, 400 mL, 1.60 mol, 100 eq) was stirred at ambient temperature under a nitrogen atmosphere. The round- 
bottomed flask was covered with aluminum foil and the reaction was stirred for 1 hour, at which time the reaction 
was complete by HPLC. The title compound precipitated and was collected by filtration, washed with ether (3 X 
100 mL) and dried (14.7 g, 92%, 91.6% purity by HPLC). A portion (13.5 g) of the crude solid was dissolved in 
500 mL of a 1:2 methanol/methylene chloride mixture and stirred under nitrogen. Diethyl ether (168 mL) was then 
added dropwise and the precipitated solid was collected by filtration to afford the desired product as a dark red solid 
(8.60 g, 63.7% yield). X H NMR (DMSO-d 6 ) 5 8.65 (6 H, s), 8.02 (6 H, s), 6.78-6.30 (14 H, m), 5.59-5.51 (2 H, m), 
4.08 (2 H, m), 2.77 (4 H, m), 2.09-2.07 (4 H, m), 2.01 (6 H, s), 1.97 (6 H, s), 1.90-1.86 (4 H, m), 1.84 (6 H, s), 1.61- 
1.58 (8 H, m), 1.37 (6 H, s), 1.22 (6 H, s). HPLC: 7.8 min (97.0% (AUC)). LC/MS analysis was performed on an 
Agilent 1 100 LC/MSD VL ESI system with Zorbax Eclipse XDB-C18 Rapid Resolution 4.6 x 75mm, 3.5 microns, 
USUT002736; Temperature: 25 °C; Mobile Phase: (%A=0.025% TFA in H 2 0; %B=0.025% TFA in MeCN), 
70%A/30%B (start); linear gradient to 50%B over 5 min, linear gradient to 100%B over 7 min; Flow rate: 1.0 
mL/min; Starting pressure: 108 bar; PDA Detector 470 nm. Mass spectrometry +ESI, m/z=853.9(M+H + ), 
m/z=875.8(M+Na + ); LC 4.5 min. 

Example 5: Synthesis of the Bis-(2-OTBS Ascorbic Acid) 6-Ester of Astaxanthin Disuccinate (XXII). 




HPLC: Column: Waters Symmetry C18 3.5 micron 4.6 mm x 150 mm; Temperature: 25°C; Mobile phase: (A = 
0.025 % TFA in water; B = 0.025% TFA in acetonitrile), 95% A/5% B (start); linear gradient to 100% B over 5 
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min, hold for 10 min; linear gradient to 95% B over 2 min; linear gradient to 95% A/5% B over 3 min; Flow rate: 
1.0 mL/min; Detector wavelength: 474 nm. 

To a stirring solution of astaxanthin disuccinate (XV) (20.00 g, 25.1 mmol) in 600 mL of dichloromethane 
was added 4-dimethylaminopyridine (DMAP) (6.13 g, 50.2 mmol), 2-O-te^butyldimethylsilyl (OTBS) ascorbic 
acid (XXVI) (21.86 g, 75.3 mmol), and l-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI-HC1) 
(12.02 g, 62.75 mmol). After 14 h, the reaction mixture was flash chromatographed through silica gel (1.0 kg silica 
gel, eluent 0.5% HOAc/5% MeOH/EtOAc). Fraction 10 was concentrated to afford dark red solid (6.47 g, 19.2% 
yield, 58% AUC purity by HPLC). The crude product was flashed chromatographed through silica gel (600 g silica 
gel, eluent 0.25% HOAc/5% MeOH/EtOAc). Fractions 6-10 were concentrated under vacuum to afford dark red 
solid (1.50 g, 4.4% yield, 94.8% AUC purity by HPLC ^-NMR (CDC1 3 ) 5 11.13 (2H, s), 6.78-6.28 (14 H, m), 5.43 
(2 H, dd, J=12.2, 7.1 Hz), 5.34 (2H, s), 4.78 (2H, d, J=5.4 Hz), 4.11-4.07 (6H, m), 2.69-2.65 (8 H, m), 2.05-1.97 (22 
H, m), 1.81 (6 H, s), 1.33 (6 H, s), 0.92 (18 H, s), 0.15 (6 H, s), 0.14 (6H, s); HPLC 13.4 min [94.8% (AUC)]; Mass 
spectroscopy -ESI, m/z= 1340.6 (M"). 

Example 6: Synthesis of the Bis- Ascorbic Acid 6-Ester of Astaxanthin Disuccinate (XIX). 

To a stirring solution of the bis-(2-OTBS ascorbic acid) 6-ester of astaxanthin disuccinate (XXII) (100 
mg, 0.075 mmol) in THF (5 mL) at 0 °C was added HF-Et 3 N (121 uL, 0.745 mmol). The reaction was stirred for 1 
h at 0 °C then warmed to rt. The reaction was stirred 2.5 h before being quenched by pouring into a separatory 
funnel containing 5 mL IP AC and 5 mL of water. The aqueous layer was removed and the organic layer was 
washing with water (2x5 mL). The organic solvents were removed by rotary evaporation to give a dark red solid, 
which was used without purification. ! H-NMR (CDC1 3 ) 5 11.12 (2 H, s), 8.40 (2 H, s), 6.87-6.28 (14 H, m), 5.43- 
5.32 (4 H, m), 4.69 (s, 2H), 4.09 (s, 4H), 3.99 (s, 2H), 2.68-2.50 (m, 8H), 2.00-1.76 (22 H, m), 1.36-1.19 (12 H, m); 
HPLC 8.9 min [80.7% (AUC)]; Mass spectroscopy +ESI, m/z=l 113.2 (M+H 4 ). 

Example 7: Synthesis of the Sodium Salt of the Bis-Ascorbic Acid 6-Ester of Astaxanthin Disuccinate 
(XXIII). 

To a stirring solution of the crude bis-ascorbic acid 6-ester of astaxanthin disuccinate (XIX) (0.075 mmol) 
in acetone (5 mL) at rt was added triethylorthoformate (62 juL, 0.373 mmol). The solution was stirred 15 min then a 
solution of sodium 2-ethylhexanoate in acetone (93 mL, 0.019 mmol, 0.20 M) was added drop wise. The resulting 
precipitate was removed by filtration. The filtrate was cooled to 0 °C and treated with additional sodium 2- 
ethylhexanoate in acetone (373 uL, 0.075 mmol, 0.20 M). The reaction was stirred for 5 min then the solid material 
was collected by filtration, washed with acetone (5 mL), and dried under high vacuum to give a dark red solid (27.8 
mg, 32.2% yield): HPLC 8.9 min [88.2% (AUC)], Mass spectroscopy +APCI, m/z=1113.3 ( M+3H-2Na + ). 

Example 8: Synthesis of the Dicyclohexylmethyl Ester of Astaxanthin Disuccinate (XXIV). 
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HPLC: Column: Alltech Rocket, Platinum-C18, 100 A, 3 /xm, 7 x 53 mm; Temperature: 25°C; Mobile phase: (A = 
0.025 % TFA in water; B = 0.025 % TFA in acetonitrile), 70% A/30% B (start); hold for 40 sec; linear gradient to 
50% B over 4 min 20 sec; linear gradient to 100% B over 1 min 30 sec, hold for 4 min 40 sec; linear gradient to 
70% A/30% B in 20 sec; Flow rate: 2.5 mL/min; Detector wavelength: 474 nm. 

To a stirred solution of the astaxanthin disuccinate (XV) (100 mg, 0.125 mmol) and N,N- 
dimethylformamide (6.0 mL) in a 25 mL round-bottom flask was added cesium carbonate (90.0 mg, 0.275 mmol) at 
room temperature under N 2 and covered with aluminum foil. The reaction was stirred for 15 minutes then 
bromomethyl cyclohexane (52.0 [XL, 0.375 mmol) was added. After 2 days, the reaction was quenched by adding 4 
mL of a saturated solution of sodium bicarbonate and diluted with 50 mL of dichloromethane. The diluted solution 
was washed twice with 25 mL of water before drying over anhydrous sodium sulfate. The organic solution was 
filtered and the solvent was removed by rotary evaporation. The crude residue was purified by flash 
chromatography (10-50% EtOAc/heptane) to afford a dark red solid (40.2 mg, 32.5% yield): ^-NMR (CDC1 3 ) 5 
7.03-6.17 (14 H, m), 5.54 (2 H, dd, J=12.9, 6.7 Hz), 3.92 (4 H, d, J=6.4 Hz), 2.82-2.63 (8 H, m), 2.08-1.92 (14 H, 
m), 1.90 (6 H, s), 1.75-1.62 (14 H, m), 1.34-1.20 (22 H, m); HPLC 8.9 min [83.9% (AUC)]; TLC (3:7 
EtO Ac/heptane: R f 0.38); Mass spectroscopy +ESI, m/z=989.6 (M+H*). 

Example 9: Synthesis of 2~OTBS-5,6-Isopropyledine Ascorbic Acid (XXV). 

1)TBS-CI, DIPEA 
O THF, rt HO 

HO' N OH 2) BF 3 Et 2 , propanedithiol HO' t>TBS 

CH2CI2 

HPLC: Alltech Rocket, Platinum-C18, 100A, 3 um, 7 x 53 mm, PN 50523; Temperature: 25°C; Mobile phase: (A 
= 0.025 % TFA in water; B = 0.025% TFA in acetonitrile), 90% A/10% B (start); linear gradient to 30% B over 3 
min; linear gradient to 90% B over 3 min, hold for 2 min; linear gradient to 90% A/10% B over 1 min, then hold for 
1 min; Flow rate: 2.5 mL/min; Detector wavelength: 256 nm. 

To a stirring solution of 5,6-isopropyledine ascorbic acid (100.0 g, 463 mmol) in 1.00 L THF was added 
te^butyldimethylsilyl chloride (TBSC1) (76.7 g, 509 mmol) at rt followed by addition of N, N- 
diisopropylethylamine (DIPEA) (161 mL, 925 mmol) over 30 min. The reaction was stirred 14 h at rt, then 
concentrated under vacuum. The mixture was dissolved in methyl tert-butyl ether (MTBE) (1.00 L) and extracted 
with 1 M potassium carbonate (1.00 L) in a separatory funnel. The aqueous layer was extracted one more time with 
MTBE (1.00 L), and the pH of the aqueous layer was adjusted to pH 6 using 2 N HC1. The aqueous layer was 
extracted twice with isopropyl acetate (IP AC) (1.00 L) and concentrated to afford an off white solid (150.4 g, 98% 
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yield): ! H-NMR (DMSO d 6 ) 5 11.3 (1 H, s), 4.78 (1 H, d, J=2.0 Hz), 4.41-4.36 (1 H, m), 4.11 (1 H, dd, J=8.4, 7.4 
Hz), 3.92 (1 H, dd, J=8.4, 6.0), 1.24 (3 H, s), 1.23 (3 H, s), 0.92 (9 H, s), 0.14 (6H, s); HPLC 5.9 min [91.6% 
(AUC)]; Mass spectroscopy -ESI, m/z=329.2 (M-H"). 

Example 10: Synthesis of 2-OTBS Ascorbic Acid (XXVI). 

To a stirring solution of 2-OTB S-5, 6-isopropyledine ascorbic acid (XXV) (150.4 g, 455 mmol) in 1.50 L 
of dichloromethane at rt was added propanedithiol (54.0 mL, 546 mmol) under nitrogen. The solution was cooled 
to -45 °C, and then BF 3 -OEt 2 (58.0 mL, 455 mmol) was added dropwise at a rate that kept the temperature below - 
40 °C. After lh, the reaction was complete by HPLC. The reaction was quenched by pouring the cold reaction 
mixture into a separatory funnel containing 1.00 L of IP AC and 500 mL of a saturated solution of ammonium 
chloride and 500 mL of water. The organic layer was concentrated to a white solid. In order to purge the propane 
dithiol, the solid was reslurried in dichloromethane (250 mL) for 2 h and heptane (1.00 L) was added and stirred for 
1 h. The mixture was concentrated under vacuum to a volume of 500 mL. The mixture was filtered and dried under 
vacuum to afford an of white solid (1 12.0 g, 85% yield): 'H-NMR (DMSO d 6 ) 5 11.0 (1 H, s), 4.89 (2 H, s), 4.78 (1 
H, d, J=1.2 Hz), 3.82-3.80 (1 H, m), 3.45-3.42 (2 H, m), 0.923 (9 H, s), 0.14 (6H, s); HPLC 4.9 min [92.0% 
(AUC)]; Mass spectroscopy -ESI, m/z=289.0 (M-H"). 

Example 11: Synthesis of the bis-dimethylphosphate Ester of Astaxanthin (XXVII). 




o 

OH MeCTf^Cl "^\^0^ ' 0 Me 

MeO v / i l fi r 



" O 

methyl imidazole U 

methylene chloride MeCTf^O 

37 C MeO 




OMe 



n 
O 



HPLC: Waters Symmetry C18 5 3 jam, 4.6x150 mm, WAT200632, Temperature: 25°C; Mobile 
phase: (A = water; B = 10% DCM/ MeOH), 10% A/90% B (start); linear gradient to 100% B 
over 9 min; hold 100% B over 11 min, linear gradient to 10% A/90%B over 1 min; Flow rate: 

1.0 mL/min; Detector wavelength: 474 nm. 

To a mixture of astaxanthin 2E (500 mg, 0.84 mmol) and methyl imidazole (0.50 mL, 6.27 mmol) in 
methylene chloride at 37 °C was added dimethylbromophosphate (2 M, 5.04 mL) (Ding, 2000). After 24 h, the 
reaction was not complete by HPLC and dimethylbromophosphate (2 M, 5.04 mL) was added. After 48 h, the 
reaction was not complete by HPLC and dimethylbromophosphate (2 M, 5.04 mL) was added. After 72 h, the 
reaction was complete by HPLC. The reaction was diluted with methylene chloride (20 mL) and quenched with 
water (20 mL). The layers were separated and the aqueous layer was extracted again with 20 mL of methylene 
chloride. The organic layers were combined and concentrated under vacuum to afford 2.69 g (>100% yield). *H 
NMR (CDC1 3 ) 5 6.58-6.14 (14 H, m), 5.05-4.95 (2 H, m), 3.91-3.60 (12 H, m), 2.11-2.04 (4 H, m), 2.04-1.92 (12 H, 
m), 1.85 (6 H, s), 1.26 (6 H, s), 1.15 (6 H, s). HPLC: 4.29 min (86.7% AUC)). Mobile Phase: A=0.025% TFA in 
H 2 Q; B=0.025%TFA in acetonitrile, 10%A/90%B (start); PDA Detector 474 nm. +ESI, m/z = 813.62 (M+l). 

Example 12: Synthesis of the BocProOH ester of Astaxanthin (XXVIII). 

° nw 1) BocProOH, DMAP 
un DIC, DCM, rt 




2) AcCI/EtOH/EtaO 
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LC/MS Analysis: LC/MS analysis was performed on an Agilent 1 100 LC/MSD VL ESI system with Zorbax 
Eclipse XDB-C18 Rapid Resolution 4.6x75mm, 3.5/xm, USUT002736; Temperature: 25°C; Mobile 
Phase:(%A=0.025%TFA in H 2 0; %B=0.025% TFA in MeCN), 70%A/30%B (start); linear gradient to 50%B over 5 
min, linear gradient to 98%B over 3 min, hold at 98%B for 17 min; Flow rate: l.OmL/min; Starting pressure: 108 
bar; PDA Detector 470 nm, 373nm, 214nm. LRMS: + mode, ESI. 

To a mixture of astaxanthin 2E (5.00 g, 8.38 mmol) and BocProOH (10.8 g, 50.3 mmol) in methylene 
chloride (500 mL) were added 4-dimethylaminopyridine (DMAP) (6.14 g, 50.3 mmol) and 1,3- 
diisopropylcarbodiimide (DIG) (7.79mL, 50.3 mmol). The mixture was stirred at ambient temperature under 
nitrogen overnight. After 16 hours, the reaction was complete by TLC. The mixture was then concentrated to 
dryness and the crude residue was slurried with 100 mL of diethyl ether and filtered through a pad of Celite. The 
filtrate was flash chromatographed through silica gel (Et 2 0) to give the desired product as a dark red solid (8.56 g, 
>100% yield). LC: 17.5 min [23.1% AUC)]; 18.2 min [45.1% (AUC)]; 19.4 min [22.0% (AUC)]. TLC (3:2 
EtOAc/Hexane: R f 0.51; R f 0.55; R f 0.59). MS +ESI, m/z=1013.8 (M+Na*). 

Example 13: Synthesis of the Dihydrochloride Salt of the Diprolinate ester of Astaxanthin (XXIX). 

A mixture of diethyl ether (130 mL) and EtOH (48.9 mL, 838 mmol) was cooled to -78 °C under a 
nitrogen atmosphere. Acetyl chloride (82.0 mL, 838 mmol) was added dropwise to the cooled mixture over 30 
minutes. The reaction was removed from the cooling bath and allowed to slowly warm to room temperature. The 
contents of the flask were poured into a separate round-bottomed flask containing DiBocPro ester of astaxanthin 
(XXVIII) (8.31 g, 8.38 mmol) and a stirrer bar. The flask was covered with aluminum foil and the reaction was 
stirred at ambient temperature under nitrogen overnight. After 16 hours the reaction was complete by LC. The title 
compound precipitated and was collected by filtration, washed with ether (3 x 100 mL) and dried (6.37 g, 88.0% 
crude yield, 75.2% purity by LC). LC: 8.00 min [75.2% (AUC)]. MS +ESI, m/z==791.7 (M+H+). 

Example 14: Synthesis of Lutein disuccinate (XXXII). 




(XXXII) 

To a solution of lutein (XXX) (0.010 g, 0.018 mmol) in DCM (2 mL) at room temperature was added 
DIPEA (0.063 mL, 0.360 mmol), succinic anhydride (0.036 g, 0.360 mmol), and DMAP (0.021 g, 0.176 mmol). 
The reaction mixture was stirred at room temperature for 48 hours, at which time the reaction was diluted with 
DCM, quenched with brine/ 1M HC1 (6mL/ 1 mL), and then extracted with DCM. The combined organic layers 
were dried over Na 2 S0 4 and concentrated to yield lutein disuccinate (XXXII) (93.09%) HPLC retention time: 
11.765 min., 93.09% (AUC); LRMS (ESI) m/z (relative intensity): 769 (M+) (24), 651 (100), and no detectable 
lutein. 

Example 15: Synthesis of Succinic acid esters of zeaxanthin (XXXIII, XXXIV). 
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(XXXIII and XXXIV) 



To a solution of zeaxanthin (XXXI) (0.010 g, 0.018 mmol) in DCM (2 mL) at room temperature was 
added DIPEA (0.063 mL, 0.360 mmol), succinic anhydride (0.036 g, 0.360 mmol), and DMAP (0.021 g, 0.176 
mmol). The reaction mixture was stirred at room temperature for 48 hours, at which time the reaction was diluted 
with DCM, quenched with brine/ 1M HC1 (6 mL/1 mL), and then extracted with DCM. The combined organic 
layers were dried over Na 2 S0 4 and concentrated to yield zeaxanthin monosuccinate (XXXIII) (2.86%) HPLC 
retention time: 12.207 min., 2.86% (AUC); LRMS (ESI) m/z (relative intensity): 669 (M + +H) (53), 668 (M*) (100), 
zeaxanthin disuccinate (XXXIV) (97.14%) HPLC retention time: 11.788 min., 67.42% (AUC); LRMS (ESI) m/z 
(relative intensity): 792 (M + +Na) (42), 769 (M 4 ) (73), 651 (100); HPLC retention time: 13.587 min., 11.19% 
(AUC); LRMS (ESI) m/z (relative intensity): 792 (M + +Na) (36), 769 (M 4 ) (38), 663 (100); HPLC retention time: 
13.894 min., 18.53% (AUC); LRMS (ESI) m/z (relative intensity): 769 (M+) (62), 663 (77), 651 (100), and no 
detectable zeaxanthin 

Example 16: Synthesis of Aconitic acid esters of astaxanthin (XXXV, XXXVI). 




o 



(XXXV and XXXVI) 

To a solution of astaxanthin 2E (0.100 g, 0.168 mmol) in DCM/ DMF ('W, A^dimethylformamide") (4 mL 
12 mL) at room temperature was added DIPEA (0.878 mL, 5.04 mmol), cw-aconitic anhydride (0.2622 g, 1.68 
mmol), and DMAP (0.4105 g, 3.36 mmol). The reaction mixture was stirred at room temperature for 36 hours, at 
which time the reaction was diluted with DCM, quenched with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted 
with DCM. The combined organic layers were concentrated to yield aconitic monoester (XXXV) (13.25%) HPLC 
retention time: 10.485 min., 4.95% (AUC); LRMS (ESI) m/z (relative intensity): 777 (M + +Na+2H) (57), 623 (100); 
HPLC retention time: 10.722 min., 8.30% (AUC); LRMS (ESI) m/z (relative intensity): 777 (M + +Na+2H) (6), 709 
(100), aconitic diester (XXXVI) (27.67%) HPLC retention time: 9.478 min., 15.44% (AUC); LRMS (ESI) m/z 
(relative intensity): 933 (M + +Na+2H) (10), 831 (100); HPLC retention time: 9.730 min., 12.23% (AUC); LRMS 
(ESI) m/z (relative intensity): 913 (M + +4H) (4), 843 (100), and astaxanthin (44.40%). 

Example 17: Synthesis of Citric acid esters of astaxanthin (XXXVII, XXXVIII). 
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(XXXVII and XXXVIII) 



To a suspension of citric acid (0.5149 g, 2.86 mmol) in DCM (8 mL) at room temperature was added 
DIPEA (1.167 mL, 0.6.70 mmol), DIG (0.525 mL, 3.35 mmol), DMAP (0.4094 g, 3.35 mmol), and astaxanthin 
(0.200 g, 0.335 mmol). The reaction mixture was stirred at room temperature for 36 hours, at which time the 
reaction was diluted with DCM, quenched with brine/ 1M HC1 (20 mL/3 mL), and then extracted with DCM. The 
combined organic layers were concentrated to yield citric acid monoester (XXXVII) (26.56%) HPLC retention 
time: 9.786 min., 17.35% (AUC); LRMS (ESI) m/z (relative intensity): 773 (M + +3H) (14), 771 (M + +H) (100); 
HPLC retention time: 9.989 min., 9.21% (AUC); LRMS (ESI) m/z (relative intensity): 773 (M + +3H) (50), 771 
(M + +H) (100), citric acid diester (XXXVIII) (7.81%) HPLC retention time: 8.492 min., 3.11% (AUC); LRMS (ESI) 
m/z (relative intensity): 968 (M + +Na) (75), 967 (100), 946 (M + +H) (37); HPLC retention time: 8.708 min., 2.43% 
(AUC); LRMS (ESI) m/z (relative intensity): 968 (M + +Na) (95), 946 (M + +H) (100); HPLC retention time: 8.952 
min., 2.27% (AUC); LRMS (ESI) m/z (relative intensity): 946 (M + +H) (19), 500 (100), and astaxanthin (21.26%). 

Example 18: Synthesis of Dimethylaminobutyric acid monoester of astaxanthin (XXXIX). 




o 



(XXXIX) 

To a suspension of 4-(dimethylamino)-butyric acid hydrochloride (0.2816 g, 1.68 mmol) in DCM/ DMF (3 
mL /3 mL) at room temperature was added DIPEA (0.878 mL, 5.04 mmol), HOBT ("1-hydroxybenzotriazole")- 
H 2 Q (0.3094 g, 2.02 mmol), DMAP (0.4105 g, 3.36 mmol), and astaxanthin (0.100 g, 0.168 mmol). The reaction 
mixture was stirred at room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched 
with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated 
to yield 4-(dimethylamino)butyric acid monoester (XXXIX) (24.50%) HPLC retention time: 9.476 min., 20.32% 
(AUC); LRMS (ESI) m/z (relative intensity): 732 (M + +Na) (13), 729 (100); HPLC retention time: 9.725 min., 
4.18% (AUC); LRMS (ESI) m/z (relative intensity): 732 (M + +Na) (50), 729 (100), and astaxanthin (61.21%). 

i, 

Example 19: Synthesis of Glutathione monoester of astaxanthin (L). 




(D 

To a suspension of reduced glutathione (0.5163 g, 1.68 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.878 mL, 5.04 mmol), HOBT-H 2 0 (0.3094 g, 2.02 mmol), DMAP (0.4105 g, 3.36 
mmol), DIC (0.316 mL, 2.02 mmol), and astaxanthin 2E (0.100 g, 0.168 mmol). The reaction mixture was stirred 
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at room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched with brine/ 1M HC1 
(20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield glutathione 
monoester (L) (23.61%) HPLC retention time: 9.488 min., 16.64% (AUC); LRMS (ESI) m/z (relative intensity): 
886 (M 4 ) (13), 810 (54), 766 (100); HPLC retention time: 9.740 min., 3.57% (AUC); LRMS (ESI) m/z (relative 
intensity): 886 (M 4 ) (24), 590 (78), 546 (100); HPLC retention time: 9.997 min., 3.40% (AUC); LRMS (ESI) m/z 
(relative intensity): 886 (M 4 ) (25), 869 (85), 507 (100), and astaxanthin (68.17%). 



Example 20: Synthesis of Tartaric acid diester of astaxanthin (LI). 



HO 




OH O 



O OH 



(LI) 

To a suspension of (L)-tartaric acid (0.4022 g, 2.68 mmol) in DCM/ DMF (5 mL 15 mL) at room 
temperature was added DIPEA (1.167 mL, 0.6.70 mmol), HOBT-H 2 0 (0.5131 g, 3.35 mmol), DMAP (0.4094 g, 
3.35 mmol), and astaxanthin 2E (0.200 g, 0.335 mmol). The reaction mixture was stirred at room temperature for 
36 hours, at which time the reaction was diluted with DCM, quenched with brine/ 1MHC1 (20 mL/3 mL), and then 
extracted with DCM. The combined organic layers were concentrated to yield tartaric acid diester (LI) (18.44%) 
HPLC retention time: 9.484 min., 14.33% (AUC); LRMS (ESI) m/z (relative intensity): 884 (M + +Na+H) (100), 815 
(72), 614 (72); HPLC retention time: 9.732 min., 4.11% (AUC); LRMS (ESI) m/z (relative intensity): 883 (M + +Na) 
(100), 539 (72), and astaxanthin (67.11%). 

Example 21: Synthesis of Sorbitol monoester of astaxanthin disuccinate (LII). 



OH OH 



Ho / Y t Y^°Y^ Jl " 



OH OH 




OH 



(LII) 



To a solution of astaxanthin disuccinate (XV) (0.200 g, 0.251 mmol) in DMF (10 mL) at room temperature 
was added DIPEA (1.312 mL, 7.53 mmol), HOBT-H 2 0 (0.4610 g, 3.01 mmol), DMAP (0.6133 g, 5.02 mmol), and 
(D)-sorbitol (0.4572 g, 2.51 mmol). The reaction mixture was stirred at room temperature for 36 hours, at which 
time the reaction was diluted with DCM, quenched with brine/ IM HC1 (20 mL/ 3 mL), and then extracted with 
DCM. The combined organic layers were concentrated to yield sorbitol monoester (LII) (3.52%) HPLC retention 
time: 9.172 min., 3.52% (AUC); LRMS (ESI) m/z (relative intensity): 984 (M + +Na) (28), 503 (100), and 
astaxanthin disuccinate (91.15%). 



Example 22: Synthesis of Sorbitol diester of astaxanthin disuccinate (LIII). 



OH OH O 



OH OH 




OH OH 



OH OH 



(LIII) 
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To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.656 mL, 3.76 mmol), HOBT-H 2 0 (0.2313 g, 1.51 mmol), DMAP (0.3067 g, 2.51 
mmol), DIC (0.236 mL, 1.51 mmol), and (D)-sorbitol (0.2286 g, 1.25 mmol). The reaction mixture was stirred at 
room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched with brine/ 1M HC1 (20 
mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield sorbitol diester 
(LIII) (44.59%) HPLC retention time: 8.178 min., 11.58% (AUC); LRMS (ESI) m/z (relative intensity): 1148 
(M + +Na) (40), 545 (100); HPLC retention time: 8.298 min., 33.01% (AUC); LRMS (ESI) m/z (relative intensity): 
1148 (M + +Na) (20), 545 (100), and no detectable astaxanthin disuccinate. 

Example 23: Synthesis of Morpholine carbamates of astaxanthin (LIV, LV). 




(LIV and LV) 

To a solution of astaxanthin 2E (0. 100 g, 0.168 mmol) in DCM/ DMF (3 mL 13 mL) at room temperature 
was added DIPEA (0.878 mL, 5.04 mmol), DMAP (0.4105 g, 3.36 mmol), and 4-morpholine carbonyl chloride 
(0.196 mL, 1.68 mmol). The reaction mixture was stirred at room temperature for 36 hours, at which time the 
reaction was diluted with DCM, quenched with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted with DCM. The 
combined organic layers were concentrated to yield 4-morpholine monocarbamate (LIV) (33.17%) HPLC retention 
time: 11.853 min., 29.01% (AUC); LRMS (ESI) m/z (relative intensity): 710 (M+) (100); HPLC retention time: 
13.142 min., 1.37% (AUC); LRMS (ESI) m/z (relative intensity): 710 (M^ (100); HPLC retention time: 13.383 
min., 2.79% (AUC); LRMS (ESI) m/z (relative intensity): 710 (M+) (100), 4-morpholine dicarbamate (LV) 
(33.42%) HPLC retention time: 12.049 min., 29.71% (AUC); LRMS (ESI) m/z (relative intensity): 824 (M + +H) 
(54), 823 (M 4 ) (100); HPLC retention time: 13.761 min., 1.29% (AUC); LRMS (ESI) m/z (relative intensity): 823 
(M+) (100), 692 (75); HPLC retention time: 14.045 min., 2.42% (AUC); LRMS (ESI) m/z (relative intensity): 823 
(M+) (100), 692 (8), and astaxanthin (22.10%). 

Example 24: Synthesis of Mannitol monocarbonate of astaxanthin (LVII). 




OH OH O 



(LVII) 

To a solution of astaxanthin 2E (0.100 g, 0.168 mmol) in DCM (4 mL) at 0 °C was added DIPEA (0.585 
mL, 3.36 mmol), and 1,2,2,2-tetrachloroethyl chloroformate (0.103 mL, 0.672 mmol). The reaction mixture was 
stirred at 0 °C for 2 hours, then at room temperature for 1.5 hours, at which time (D)-mannitol (0.3060 g, 1.68 
mmol), DMF (3 mL), and DMAP (0.2052 g, 1.68 mmol) were added to the reaction. The reaction mixture was 
stirred at room temperature for 24 hours, at which time the reaction was diluted with DCM, quenched with brine (20 
mL), and then extracted with DCM. The combined organic layers were concentrated to yield mannitol 
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monocarbonate (LVII) (10.19%) HPLC retention time: 9.474 min., 10.19% (AUC); LRMS (ESI) m/z (relative 
intensity): 827 (M + +Na) (50), 804 (M+) (25), 725 (58), 613 (100), and astaxanthin (53.73%). 



Example 25: Synthesis of (Dimethylamino)butyric acid diester of astaxanthin (LVIII). 



o 




(LVIII) 

To a suspension of 4-(dimethylamino)butyric acid hydrochloride (0.2816 g, 1.68 mmol) in DCM/ DMF (3 
mL /3 mL) at room temperature was added DIPEA (0.878 mL, 5.04 mmol), DMAP (0.4105 g, 3.36 mmol), HOBT- 
H 2 0 (0.3094 g, 2.02 mmol), DIC (0.316 mL, 2.02 mmol), and astaxanthin 2E (0.100 g, 0.168 mmol). The reaction 
mixture was stirred at room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched 
with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated 
to yield (dimethylamino)butyric acid diester (LVIII) (77.70%) HPLC retention time: 7.850 min., 56.86% (AUC); 
LRMS (ESI) m/z (relative intensity): 824 (M + +H) (64), 823 (M*) (100); HPLC retention time: 8.443 min., 3.87% 
(AUC); LRMS (ESI) m/z (relative intensity): 823 (M+) (5), 641 (20), 520 (100); HPLC retention time: 9.021 min., 
16.97% (AUC); LRMS (ESI) m/z (relative intensity): 824 (M + +H) (58), 823 (M+) (100), and no detectable 
astaxanthin. 

Example 26: Synthesis of Benzyl monoether of astaxanthin (LIX). 




(LIX) 

To a solution of astaxanthin 2E (0.100 g, 0.168 mmol) and benzyl bromide (0.400 mL, 3.36 mmol) in 
DCM/ DMF (3mL/ 3 mL) at 0 °C was added KHMDS ("potassium bis(trimethylsilyl) amide") (6.72 mL; 0.5M in 
toluene, 3.36 mmol). The reaction mixture was stirred at 0 °C for 1 hour and then allowed to warm to room 
temperature. The mixture was stirred at room temperature for 24 hours, at which time the reaction was diluted with 
DCM, quenched with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted with DCM. The combined organic layers 
were concentrated to yield benzyl monoether (LIX) (15.06%) HPLC retention time: 12.705 min., 15.06% (AUC); 
LRMS (ESI) m/z (relative intensity): 686 (M 4 ) (93), 597 (100), and astaxanthin (67.96%). 

Example 27: Synthesis of Mannitol monoether of astaxanthin (LX). 




OH OH 



(LX) 

To a solution of astaxanthin 2E (0.200 g, 0.335 mmol) in DCM (15 mL) at room temperature was added 
48% HBr (lOmL) and H 2 0 (30 mL). The aqueous layer was extracted with DCM and the combined organic layers 
were dried over Na 2 S0 4 and concentrated to yield the bromide derivative of astaxanthin as a dark red oil. To a 
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solution of the crude bromide in DCM/ DMF (6 mL /6 mL) at room temperature was added DIPEA (1.58 mL, 9.09 
mmol), DMAP (0.3702 g, 3.03 mmoi), and (D)-mannitol (0.5520 g, 3.03 mmol). The reaction mixture was stirred 
at room temperature for 24 hours, at which time the reaction was diluted with DCM, quenched with brine/ IM HC1 
(20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield mannitol 
monoether (LX) (4.40%) EPLC retention time: 9.479 min., 4.40% (AUC); LRMS (ESI) m/z (relative intensity): 783 
(M + +Na) (64), 710 (66), 653 (100), and astaxanthin (79.80%). 

Example 28: Synthesis of Tris(hydroxymethyl)aminomethane monoamide of astaxanthin disuccinate (LXI). 




To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.653 mL, 3.75 mmol), DMAP (0.3054 g, 2.50 mmol), HOBT-H 2 0 (0.2297 g, 1.50 
mmol), and tris(hydroxymethyl)aminomethane (0.1514 g, 1.25 mmol). The reaction mixture was stirred at room 
temperature for 36 hours, at which time the reaction was diluted with DCM, quenched with brine/ 1MHC1 (20 mL/ 
3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield 
tris(hydroxymethyl)aminomethane monoamide (LXI) (4.40%) HPLC retention time: 9.521 min., 3.50% (AUC); 
LRMS (ESI) m/z (relative intensity): 923 (M + +Na) (36), 900 (M+) (80), 560 (100); HPLC retention time: 9.693 
min., 0.90% (AUC); LRMS (ESI) m/z (relative intensity): 923 (M + +Na) (11), 813 (33), 500 (100), and astaxanthin 
disuccinate (84.34%). 



Example 29: Synthesis of Tris(hydroxymethyl)aminomethane diamide of astaxanthin disuccinate (LXII). 




To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.653 mL, 3.75 mmol), DMAP (0.3054 g, 2.50 mmol), HOBT-H 2 0 (0.2297 g, 1.50 
mmol), DIC (0.235 mL, L50 mmol), and tris(hydroxymethyl)aminomethane (0.1514 g, 1.25 mmol). The reaction 
mixture was stirred at room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched 
with brine/ 1M HC1 (20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated 
to yield tris(hydroxymethyl)aminomethane diamide (LXII) (66.51%) HPLC retention time: 8.086 min., 19.34% 
(AUC); LRMS (ESI) m/z (relative intensity): 1026 (M + +Na) (22), 1004 (M + +H) (84), 1003 (M + ) (100), 502 (83); 
HPLC retention time: 8.715 min., 47.17% (AUC); LRMS (ESI) m/z (relative intensity): 1004 (M++H) (71), 1003 
(M + ) (100), 986 (62), and astaxanthin disuccinate (18.61%). 



Example 30: Synthesis of Adenosine monoester of astaxanthin disuccinate (LXIII). 
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(LXIII) 

To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.653 mL, 3.75 mmol), DMAP (0.3054 g, 2.50 mmol), HOBT-H 2 0 (0.1914 g, 1.25 
mmol), and (-) -adenosine (0.3341 g, 1.25 mmol). The reaction mixture was stirred at room temperature for 48 
hours, at which time the reaction was diluted with DCM, quenched with brine/ IM HC1 (20 mL/ 3 mL), and then 
extracted with DCM. The combined organic layers were concentrated to yield adenosine monoester (LXIII) 
(21.13%) HPLC retention time: 9.005 min., 2.43% (AUC); LRMS (ESI) m/z (relative intensity): 1047 (M + +H) (36), 

1046 (M+) (57), 524 (100); HPLC retention time: 9.178 min., 10.92% (AUC); LRMS (ESI) m/z (relative intensity): 

1047 (M + +H) (80), 1046 (M*) (100), 829 (56), 524 (94); HPLC retention time: 9.930 min., 7.78% (AUC); LRMS 
(ESI) m/z (relative intensity): 1046 (M*) (100), 524 (34), and astaxanthin disuccinate (58.54%). 

Example 31: Synthesis of Maltose diester of astaxanthin disuccinate (LXIV). 




(LXIV) 



To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL /3 mL) at room 
temperature was added DIPEA (0.653 mL, 3.75 mmol), DMAP (0.3054 g, 2.50 mmol), HORT-H 2 0 (0.2297 g, 1.50 
mmol), DIC (0.235 mL, 1.50 mmol), and (D)-maltose-H 2 0 (0.4504 g, 1.25 mmol). The reaction mixture was 
stirred at room temperature for 36 hours, at which time the reaction was diluted with DCM, quenched with brine/ 
IM HC1 (20 mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield 
maltose diester (LXIV) (25.22%) HPLC retention time: 7.411 min., 12.53% (AUC); LRMS (ESI) m/z (relative 
intensity): 1468 (M + +Na) (18), 1067 (16), 827 (100); HPLC retention time: 7.506 min., 12.69% (AUC); LRMS 
(ESI) m/z (relative intensity): 1468 (M*+Na) (52), 827 (76), 745 (100), and astaxanthin disuccinate (22.58%). 

Example 32: Synthesis of Resveratrol esters of astaxanthin dissucinate (LXV, LXVI). 
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(LXV and LXVI) 

To a solution of astaxanthin disuccinate (XV) (0.100 g, 0.125 mmol) in DCM/ DMF (3 mL 13 mL) at room 
temperature was added DIPEA (0.653 mL, 3.75 mmol), DMAP (0.3054 g, 2.50 mmol), H0BT-H 2 O (0.2297 g, 1.50 
mmol), DIG (0.235 mL, 1.50 mmol), and resveratrol (0.2853 g, 1.25 mmol). The reaction mixture was stirred at 
room temperature for 24 hours, at which time the reaction was diluted with DCM, quenched with brine/ 1MHC1 (20 
mL/ 3 mL), and then extracted with DCM. The combined organic layers were concentrated to yield resveratrol 
monoester (LXV) (1.12%) HPLC retention time: 10.039 min., 1.12% (AUC); LRMS (ESI) ni/z (relative intensity): 
1009 (M + +2H) (18), 1007 (M 4 ) (21), 637 (100), resveratrol diester (LXVI) (60.72%) HPLC retention time: 10.324 
min., 15.68% (AUC); LRMS (ESI) m/z (relative intensity): 1217 (M+) (28), 1007 (100), 609 (69), 504 (85); HPLC 
retention time: 10.487 min., 29.26% (AUC); LRMS (ESI) m/z (relative intensity): 1218 (M^+H) (80), 1217 (M + ) 
(100), 609 (60); HPLC retention time: 10.666 min., 15.78% (AUC); LRMS (ESI) m/z (relative intensity): 1218 
(M + +H) (84), 1217 (M 4 ) (100), 609 (71), and no detectable astaxanthin disuccinate. 

Rigorous determination of water solubility of the disodium disuccinate astaxanthin derivative (XVI): 

A total of 30 mg of sample (disodium disuccinate astaxanthin derivative, as the all-trans mixture of 
stereoisomers 3S,3'S, meso, and 3R,3'R in a 1:2:1 ratio) was added to 2 mL of sterile-filtered (0.2 uM Millipore®) 
deionized (DI) water in a 15 mL glass centrifuge tube. The tube was wrapped in aluminum foil and the mixture was 
shaken for 2 hours, then centrifuged at 3500 rpm for 10 minutes. The aqueous solution was filtered through a 0.45 
micron PVDF disposable filter device. A 1 mL volume of filtrate was then diluted appropriately with DI water, and 
the concentration of the solution was measured at 480 nM using a four point calibration curve prepared from fresh 
sample. After taking the dilutions into account, the concentration of the saturated solution of the disodium 
disuccinate astaxanthin derivative was 8.64 mg/mL. 

Experimental Data for Inhibition and/or Amelioration of Disease: 

Comparison of Radical- Cation Forming Ability: Non-esterified, Free Astaxanthin and Diacid Disuccinate 

Astaxanthin Using Flash Photolysis: 

FIG. 27 and FIG. 28 depict the results of spectral analysis after flash photolysis of the formation of triplet 
and carotenoid cation radical states for non-esterified, free astaxanthin and the diacid disuccinate astaxanthin 
derivative were obtained. Formation of the carotenoid cation radical is a measure of the potential biophysical 
behavior of the novel derivative as an antioxidant. If a derivative retains the antioxidant behavior of non-esterified, 
free astaxanthin, then all previously documented (i.e. literature precedent) therapeutic applications for astaxanthin 
can be reasonably assumed for the novel derivative, including at least singlet oxygen quenching, lipid peroxidation 
chain-breaking, and/or direct radical scavenging. 

Irradiating carotenoids (car) directiy does not result in the formation of carotenoid triplets ( car); a 
photosensitizer is needed. In this experiment, nitronaftalin (NN) was used as the photosensitizer. After irradiation, 
the excited sensitizer (NN*) forms a sensitizer triplet ( 3 NN). When 3 NN encounters a carotenoid, energy and 
electron transfer reactions with 3 NN take place. The resulting relatively stable 3 car and carotenoid cation radicals 
(car 4 ) are detected by characteristic absorption bands. Non-polar solvents (e.g. hexane) favor the formation of car, 
and more polar solvents (alcohols, water) favor the formation of the car + . The anion radical of the sensitizer (NN'") 
is not typically seen because of a low absorption coefficient. 
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A. Spectra with astaxanthin disuccinic acid (astaCOOH). 

Transient absorption spectra of astaCOOH in acetonitrile (MeCN), sensitizer NN. 

Negative peaks in the spectra demonstrate ground state depletion of NN and astaCOOH. The positive peak 
at 550 nm shows the formation of the astaCOOH triplet; the positive peak at 850 nm shows the formation of the 
astaCOOH cation radical. The 3 car decays rather quickly. After 15 \xs, half of the 3 car has disappeared, and after 50 
us, no 3 car is left. The car + is stable within this time frame. 

B. Spectra with reference compound [non-esterified, free astaxanthin (asta)]. 

Transient absorption spectra of asta in acetonitrile (MeCN), sensitizer NN. 

The spectrum of asta is nearly identical to that of astaCOOH. After 50 fis, the 3 car has disappeared. 
During this time frame, the car ,+ is stable. Negative and positive peaks in the absorption spectra for astaCOOH and 
asta are superimposable. 

Brief Discussion of Flash Photolysis Results: 

There appears to be little difference between the diacid disuccinate astaxanthin derivative (astaCOOH) and 
non-esterified, free astaxanthin (asta) during flash photolysis experiments. AstaCOOH behaves like asta in the flash 
photolysis experiments. Therefore, esterification of free astaxanthin with succinic acid does not alter the 
photophysical properties and the cation radical lifetime. Both compounds were photostable during the flash 
photolysis experiments. The disuccinate astaxanthin derivative retains the potent antioxidant potential of 
astaxanthin, and is active in the esterified state. It can therefore be considered a "soft" drug (active as the modified 
entity), and not a prodrug, for therapeutic applications, conferring the valuable propert(ies) of dual-phase radical 
scavenging activity to this derivative (i.e. aqueous- and lipid-phase radical scavenging). 



The methods for cell culture, Western blotting, quantitative densitometric analysis, and total protein 
evaluation are described in detail in Rogers et al. (1990), with modifications suggested in Bertram (1999). In brief, 
mouse embryonic fibroblast CH3/10T 1/4 cells were treated with the following formulations in a 4 raL cell culture 
system with media containing 2% calf serum: 

1. TTNPB [p-(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-napthyl) propenyl benzoic acid] 10" 8 M in acetone 
[positive control for connexin 43 upregulation (4 ul in 4 raL] 

2. Disodium salt disuccinate astaxanthin derivative/H 2 0 at 10" 5 M (40 ul in 4 mL) 

3. Disodium salt disuccinate astaxanthin derivative/ H 2 0 at 10" 6 M (4 ul in 4 mL) 

4. Disodium salt disuccinate astaxanthin derivative/ H 2 0 at 10" 7 M (1:10 dilution and 4 ul in 4 mL) 

5. Disodium salt disuccinate astaxanthin derivative H 2 0/ethanol [EtOH] formulation at 10" 5 M (40 ul in 4mL) 

6. Disodium salt disuccinate astaxanthin derivative H 2 0 /EtOH formulation at 10" 6 M (4 ul in 4 mL) 



Induction of Connexin 43 Protein Expression: 
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7. Sterile H 2 0 control (40 ul in 4mL) 

8. Sterile H 2 0/EtOH control (20 uL EtOH, 20 uL H 2 0 in 4 mL) 

9. Media control (4 mL) 

Cells were harvested after 96 hours incubation with test compounds and control solutions. All media 
solutions were identical in color, however after treatment with the disodium salt disuccinate astaxanthin derivative 
at both 10" 5 dilutions, the color subjectively changed to an orange-red color. Cells treated with TTNPB appeared 
striated with light microscopy, evidence of differentiation to myocytes, an expected result in this cell culture 
system. After harvest and pelleting of cells, tubes containing both 10" 5 disodium salt disuccinate astaxanthin 
derivative solutions were bright red; both 10" 6 dilution tubes were a pink color. As documented previously for other 
colored carotenoids, this was subjective evidence for cellular uptake of the test compounds. 

Cells were then lysed, and 50 p,g of each protein was electrophoresed on a 10% polyacrylamide gel. The 
gel was then transferred to a nitrocellulose filter. Total protein was assayed with Coomassie blue staining (FIG. 29; 
lanes 6, 7, and 9 were smeared secondary to gel transfer, and were not included in the quantitative comparison [FIG. 
31)]. Western blotting was performed with anti-connexin 43 antibodies followed by HRP chemiluminescence on a 
Biorad imager (FIG. 30). The original gel was stripped once, and the Western blot repeated twice prior to 
visualization. The results were normalized to the Lane 8 control (EtOH/H 2 0), which demonstrates background 
constitutive expression of connexin 43 protein in a control condition (no test compound). The results of relative 
connexin 43 induction by positive controls and test compounds are shown in FIG. 31. 

Brief Discussion of Cx43 Results. 

All disodium salt disuccinate astaxanthin derivative formulations tested induced connexin 43 protein 
expression over the levels expressed constitutively in water and ethanol/water controls (FIG. 31). The probability 
of detecting an induction of connexin 43 protein expression in 5 separate test conditions in the absence of a true 
treatment effect (null hypothesis control \x x = treatment mean ja 2 ) is 1 in 2 5 , or p = 0.03. Disodium salt disuccinate 
astaxanthin derivatives formulated in water induced connexin 43 protein expression in each test condition (from 10" 
to 10" 7 M). The decrease in the lowest disodium salt disuccinate astaxanthin derivative/ water combination tested 
suggests dose-dependency in the induced response. The relative induction was increased in the single test condition 
evaluated with a final ethanolic concentration in media of 0.5%. This finding is highly suggestive of increased 
bioavailability of this formulation, as ethanol is known to reduce aggregation of disodium salt disuccinate 
astaxanthin derivatives in aqueous solutions. Solutions of disodium salt disuccinate astaxanthin derivatives in water 
at concentrations greater than 10" 7 and in ethanol/water combinations at 10" 5 appear to have higher inductions levels 
than the positive TTNPB control. TTNPB is a highly potent retinoid that is effective at inducing connexin 43 

8 

expression at the 96-hour time point at 10" M. 

Induction of intercellular gap junctional communication (GJC) in murine fibroblasts by the disodium salt 

disuccinate astaxanthin derivatives: 

A series of experiments were performed to assess the ability of the disodium salt disuccinate astaxanthin 
derivatives to induce gap junctional communication (GJC) in an immortalized line of murine fibroblasts. Studies 
were conducted: 

(1) at the functional level to measure cell/cell communication by increased dye transfer between confluent cells in 
monolayer culture; 
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(2) at the molecular level as measured by the ability of these compounds to induce expression of connexin43 
(Cx43) protein. Cx43 is the structural unit of the intercellular channels in these fibroblasts that allows GJC; 

(3) at the cellular level as shown by the ability of the disodium salt disuccinate astaxanthin derivatives to increase 
the number and size of Cx43 immunoreactive plaques in regions of the plasma membrane in direct contact with 
adjacent cells. 

(1) Communication Assays. Experiments were performed to assess the ability of the disodium salt disuccinate 
astaxanthin derivative [as a statistical mixture of the all-trans (all-E) stereoisomers, S,S\ meso, and R,R' in 1:2:1 
ratio] to enhance gap junctional intercellular communication (GJC) between mouse embryonic fibroblast C3H/10T 
Vz cells. This ability has been previously highly correlated with the ability of carotenoids to inhibit carcinogen- 
induced neoplastic transformation (Zhang, 1992). Moreover, Cx43 -mediated junctional communication between 
cardiac myocytes is responsible for transfer of signals that maintain synchronous contractions and prevent cardiac 
arrhythmias (Peters, 1995). 

Junctional permeability was assayed by microinjection of the fluorescent dye Lucifer Yellow CH (Sigma, 
St. Louis, MO) into individual confluent cells essentially as described previously (Zhang, 1994). Briefly, confluent 
cultures of C3H/10T1/2 cells were treated for 4 days with: (1) the disodium salt disuccinate astaxanthin derivative 
(1 x 10" 5 M) dissolved in a 1:2 ethanol/water (EtOH/ H 2 0) formulation; (2) a synthetic retinoid, TTNPB (1 x 10 -8 
M) dissolved in tetrahydrofuran as a positive control; or (3) 1:2 EtOH/ H 2 0 treated cells as a negative control. 
Single cells in each dish were identified under phase contrast optics and pressure injected using a microinjection 
needle (Eppendorf, Hamburg, Germany) loaded with the fluorescent dye Lucifer Yellow as a 10% solution. The 
needle was controlled by a remote micromanipulator and cells and microscope were positioned on a pneumatic anti- 
vibration table. Successful injection of Lucifer Yellow was confirmed by brief illumination with UV light, which 
causes yellow fluorescence of Lucifer Yellow. This dye is sufficiently small to pass through gap junctions and is 
electrically charged, and can thus only enter cells adjacent to the injected cell if they are in junctional 
communication. After 2 minutes to allow for junctional transfer, digital images were taken under UV illumination. 
The number of fluorescent cells adjacent to the injected cell was later determined by digital image analysis using an 
unbiased density threshold method and the SigmaScan software program (Jandel Scientific). This number of 
communicating cells was used as an index of junctional communication, as described previously (Hossain, 1993). 

The results of this analysis demonstrated that the disodium salt disuccinate astaxanthin derivative (1 x 10" 5 
M) dissolved in a 1:2 EtOH/ H 2 0 formulation effectively increased the extent of junctional communication over 
that seen in 1:2 EtOH/ H 2 0 treated controls. Of 22 microinjected treated cells 15 (56%) were functionally coupled 
by gap junctions, in contrast to only 3 out of 11 (27%) control cells. These differences were statistically different (p 
< 0.04; paired Student's ?-test). Representative photomicrographs are shown in FIG. 14: 

Panel A: treatment with the statistical mixture of stereoisomers of the disodium salt disuccinate 
astaxanthin at 1 x 10" 5 M in 1:2 EtOH/ H 2 0; 

Panel C: 1:2 EtOH/ H 2 0 solvent negative control; 

Panel E: TTNPB at 1 x 10" 8 M in tetrahydrofuran as solvent, positive control; and 

Panels B, D, F: digital analysis of micrographs A, C, E respectively, demonstrating pixels above a set 

threshold positive for Lucifer Yellow fluorescence. Because cell nuclei have the most volume, they accumulate the 

most Lucifer Yellow and exhibit the most fluorescence. 

(2) Molecular studies. Both the mixture of stereoisomers of the disodium salt disuccinate astaxanthin derivative 
and purified enantiomeric forms of the disodium salt disuccinate astaxanthin derivative (S,S\ meso, and R,R' forms 
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at > 90% purity by HPLC) increase expression of Cx43 protein in murine fibroblasts as assessed by immuno- 
(Western) blotting essentially as described (Zhang, 1992 and 1994), Briefly, mouse embryonic fibroblast C3H/10T 
Vi cells were cultured in Eagle's basal medium with Earle's salts (Atlanta Biologicals, Atlanta, GA), supplemented 
with 5% fetal calf serum (Atlanta Biologicals, Atlanta, GA) and 25 jag/mL gentamicin sulfate (Sigma, St. Louis, 
MO), and incubated at 37 °C in 5% C0 2 . On the 7 th day after seeding in 100 millimeter (mm) dishes, the confluent 
cells were treated for four days with the disodium salt disuccinate astaxanthin derivatives and then harvested and 
analyzed for Cx43 protein induction as described. Protein content was measured using the Protein Assay Reagent 
kit (Pierce Chemical Co., Rockford, IL) according to manufacturer's instructions. Cell lysates containing 100 jug of 
protein were analyzed by Western blotting using the NuPage western blotting kit and apparatus (Invitrogen, 
Carlsbad, CA) and Cx43 protein detected using a rabbit polyclonal antibody (Zymed, San Francisco, CA) raised 
against a synthetic polypeptide corresponding to the C-terminal domain of mouse, human and rat Cx43. Cx43 
immunoreactive bands were visualized by chemiluminescence using an anti-rabbit HRP-conjugated secondary 
antibody (Pierce Chemical Co., Rockford, IL). Digital images were obtained with a cooled CCD camera, and 
quantitative densitometry was then performed (Bio-Rad, Richmond, CA). Equal protein loading of the lanes was 
confirmed by staining with Coomassie blue protein stain and digital image analysis. 

In this experiment the disodium salt disuccinate astaxanthin derivatives were added to cell cultures in a 
formulation of 1:2 ethanol/ H 2 0 at 1 x 10" 5 M. The statistical mixture of stereoisomers and purified enantiomeric 
forms demonstrated increased expression of Cx43 in comparison to cell cultures treated with 1:2 ethanol/ H 2 0 alone 
(FIG. 15A and FIG. 15B). Treatment with the statistical mixture of stereoisomers of the disodium salt disuccinate 
astaxanthin derivative elicited the highest induction level of Cx43 of all derivatives tested. These induction levels 
were several-fold less than induction levels seen with the retinoids tetrahydrotetramethylnapthyl propenylbenzoic 
acid (TTNPB) (Hoffman-LaRoche, Nutley, NJ) and retinyl acetate (Sigma, St. Louis, MO) included as positive 
controls; this relative potency difference is consistent with previous studies. 

(3) Cellular studies. The statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin 
derivative increases assembly of Cx43 in treated murine 10T1/2 cells in regions of cell/cell contact consistent with 
formation of functional gap junctions. 

In this experiment expression and assembly of Cx43 into plaques was assessed by immunofluorescent 
staining. Procedures were essentially as described in Zhang (1992). Briefly, confluent cultures of C3H/10T1/2 
cells were grown on Permanox plastic 4-chamber slides (Nalge Nunc International, Naperville, IL) and treated for 4 
days with: (1) the disodium salt disuccinate astaxanthin derivative (statistical mixture of stereoisomers) dissolved 
in a 1:2 EtOH/ H 2 0 formulation; (2) the retinoid TTNPB at 1 x 10" 8 M in tetrahydrofuran as a positive control; or 
(3) 1:2 EtOH/ H 2 0 as a solvent control. Cells were fixed with -20° C methanol overnight, washed in buffer, blocked 
in 1% bovine serum albumin (Sigma, St, Louis, MO) in PBS, and incubated with the rabbit polyclonal anti-Cx43 
antibody (Zymed, San Francisco, CA) as in (2) above and detected with Alexa568 conjugated anti-rabbit secondary 
(Molecular Probes, Eugene, OR). Slides were illuminated with 568 nm light and images were acquired at a 
wavelength of 600 nm using the Zeiss Axioscope light microscope and a Roper Scientific cooled CCD camera. 
Slides treated with the TTNPB retinoid control and the statistical mixture of stereoisomers of the disodium salt 
disuccinate astaxanthin derivative at 1 x 10~ 5 M exhibited assembly of immunoreactive Cx43 into plaques in regions 
of the cell membrane in direct contact with adjacent cells. Such assembly is consistent with the location and 
formation of plaques of gap junctions, known to be formed by the aggregation of multiple individual gap junctions 
in cell populations which are junctionally connected (Perkins, 1997). In cultures treated with solvent as control, 
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such immunoreactive plaques were infrequent and were smaller than those detected in cells treated with the 
statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin derivative or with TTNPB as 
positive control. The frequency of these plaques and their size is consistent with the functional differences in gap 
junction permeability as detected by the Lucifer Yellow dye transfer experiments described in section 1, and FIG. 
14 (TTNPB> statistical mixture of stereoisomers of the disodium salt disuccinate astaxanthin > solvent control), and 
with the degree of induction of Cx43 as detected in the immunoblot experiments described in section 2 and FIG. 15. 
Representative photomicrographs are shown in FIG. 16. 

Inhibition of carcinogen-induced neoplastic transformation by non-esterified, free astaxanthin in murine 

fibroblasts: 

Non-esterified, free astaxanthin is generated in the mammalian gut after oral administration of esterified 
astaxanthin. Only free astaxanthin is found in mammalian plasma and solid organs. This was again demonstrated 
in single- and multiple dose oral pharmacokinetic studies; the results are described herein. Inherent esterase activity 
of serum albumin, and the action of promiscuous esterases in serum and solid organs rapidly generates non- 
esterified, free astaxanthin after parenteral administration of the disodium disuccinate astaxanthin derivative (XVI). 
Flash photolysis experiments also demonstrated that the disodium disuccinate astaxanthin derivative and non- 
esterified, free astaxanthin have identical antioxidant behavior in terms of formation of the carotenoid cation 
radical. An experiment was performed to assess the ability of non-esterified, free astaxanthin (the in vivo final 
cleavage product of the disodium salt disuccinate astaxanthin derivative (XVI), tested as the all-trans mixture of 
stereoisomers 3S,3S\ meso, and 3R,3'R in a 1:2:1 ratio) to inhibit neoplastic transformation in the C3H10T1/2 cell 
culture model developed in the lab of the late Charles Heidelberger (Reznikoff, 1973). This cell culture system has 
been shown to effectively mimic the initiation and transformation events of tumor formation in whole animals 
(Bertram, 1985). In these cells, treatment with the carcinogenic polycyclic hydrocarbon 3-methylcholanthrene 
(MCA) produces an initiation event in a small proportion of treated cells that leads 5 weeks later to morphological 
transformation in these cells, exhibited by the presence of transformed foci. Injection of these transformed cells 
into syngeneic mice results in the formation of sarcomas at the site of injection demonstrating the carcinogenic 
nature of the transformation (Reznikoff, 1973). This assay has been adapted to the detection of cancer preventive 
agents (Bertram, 1989), and cancer preventive retinoids and carotenoids have been demonstrated to inhibit 
transformation in this system (Bertram, 1991; Pung, 1988; and Merriman, 1979). 

This experiment was conducted according to protocols established previously (Bertram, 1991 and Pung, 
1988). In brief, the 10T1/2 cells, derived from mouse embryonic fibroblasts, were seeded at a density of 10 cells/ 
60 mm dish in Eagle's Basal Media (BME) (Atlanta Biologicals, Atlanta, GA), supplemented with 4% fetal calf 
serum (Atlanta Biologicals, Atlanta, GA) and 25 /xg/mL gentamicin sulfate (Sigma, St. Louis, MO). Cells were 
treated 24 hours later with 5.0 [Xg/ml MCA (Sigma, St. Louis, MO) in acetone or with 0.5% acetone (final 
concentration) as a control. Media was changed 24 hours after MCA treatment. Cells were treated with astaxanthin 
in THF or with retinol acetate in acetone 7 days later, and re-treated every 7 days for 4 weeks. Other dishes were 
treated with the appropriate solvent controls. After 5 weeks from the start of the experiment, cells were fixed with 
methanol and stained with 10% Giemsa stain (Sigma, St. Louis, MO) and scored for type II and type III foci as per 
(Reznikoff, 1973). 

The results of this analysis demonstrated that 4- week treatment with astaxanthin caused a concentration- 
dependent decrease in the numbers of MCA-induced transformed foci in comparison to cells treated with MCA and 
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with THF as a solvent control (depicted in FIG. 34). FIG. 34 depicts effects of non-esterified, free astaxanthin (as 
the all-trans mixture of stereoisomers) on MCA-induced neoplastic transformation. Graph represents a total of 68 
cultures treated with astaxanthin at 3 x 10~ 6 M, 1 x 10" 6 M and 3 x 10" 7 M, delivered in a THF vehicle of 0.3%, 0.1% 
and 0.03%, respectively. Controls were as follows: a total of 16 dishes did not receive carcinogen and were treated 
with 0.05% ethanol solvent; controls did not exhibit any transformation events. A total of 20 dishes were treated 
with MCA and 1% THF solvent, yielding a transformation rate of 0.92 foci/dish. Percent reduction (% reduction) 
of transformation in astaxanthin-treated dishes was calculated by a comparison of the mean foci/dish of each 
treatment with the MCA-treated controls. Inferential statistics were performed using the paired Student's *-test; 
calculated P values of 0.00004, 0.00001, and 0.00006, respectively, were obtained. P< 0.05 was considered 
significant. Treatment with 3 x 10" 6 M astaxanthin resulted in complete suppression of the transformed phenotype 
(FIG. 35). FIG. 35 depicts a comparison of astaxanthin-treated dish to control dishes. Representative dishes treated 
with: A, no MCA with solvent control; B, MCA 5.0 ug/ml with 1% THF as solvent control; C, MCA with 3 x 10" 6 
M astaxanthin (as the all-trans mixture of stereoisomers) in THF. It is notable that this level of inhibition far 
exceeded that reported previously for all other carotenoids tested using identical protocols (Bertram, 1991). A 
comparison of the current data to data previously reported for percent reduction in neoplastic transformation at the 
concentrations tested revealed astaxanthin to be a far more potent inhibitor of transformation than either P-carotene 
or canthaxanthin (FIG. 36). FIG. 36 depicts a comparison of astaxanthin (as the mixture of stereoisomers) to 
previously tested carotenoids. Data was compiled comparing the percent reduction of MCA-induced neoplastically 
transformed foci/dish in cultures treated with astaxanthin to the percent reduction of foci/dish from data previously 
reported by the Bertram laboratory after treatment with p-carotene and canthaxanthin (Bertram, 1991) using 
identical protocols. The percent reduction at the highest concentration tested previously (1 x 10" 5 M) is reported 
here for P-carotene and canthaxanthin; this higher concentration of astaxanthin was not utilized because of 
astaxanthin' s greater measured activity at lower concentrations. These studies demonstrate the potential for the 
cleaved astaxanthin moiety of the synthesized derivative to be a highly effective cancer chemoprevention agent, 
after both oral and parenteral administration. Coupled with the liver accumulation pharmacokinetic data also 
reported here (after both single- and multiple-dose strategies), the use of this compound forms a particularly useful 
embodiment. 



Inhibition of Reactive Oxygen Species: 

In an experiment, neutrophils were isolated on a Percoll gradient from whole blood from a human 
volunteer. The isolated neutrophils were then re-suspended in phosphate-buffered saline, and maximally stimulated 
with phorbol ester to induce the respiratory burst and production of superoxide anion. To the solution of activated 
human neutrophils, the disodium salt disuccinate astaxanthin derivative was added at various concentrations, and 
the superoxide signal [as measured with electron paramagnetic resonance (EPR) imaging] was subsequently 
measured. The disodium salt disuccinate astaxanthin derivative (as the mixture of stereoisomers) reduced the 
measured superoxide anion signal in a dose-dependent manner (FIG. 2); near complete suppression of the 
superoxide anion signal was achieved at 3 mM concentration. FIG. 2 demonstrates the strong superoxide signal 
after activation in controls, then the results of titration with the disodium salt disuccinate astaxanthin derivative 
from 100 uM to 3 mM. The disodium salt disuccinate astaxanthin derivative tested at 100 uM scavenged 28% of 
the total signal. At 3 mM, almost no superoxide signal remained. These results demonstrate that cardioprotection 
in ischemia-reperfusion injury, as has been demonstrated with the other anti-neutrophil interventions described 
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above, can also be achieved with the novel carotenoid derivative described here. In addition to reducing the 
superoxide anion signal important in ischemia-reperfusion injury, it is also likely that myocardial salvage can be 
achieved with the described novel carotenoid derivative, as superoxide anion plays a major role in tissue injury and 
death during prolonged myocardial ischemia. 

FIG. 3 depicts an effect of a disodium salt disuccinate astaxanthin derivative/Vitamin C solution on 
reactive oxygen species (superoxide anion) as monitored using EPR imaging. The solution included a mixture of 
about 2 to about 1 of vitamin C to disodium salt disuccinate astaxanthin derivative respectively. The disodium salt 
disuccinate astaxanthin derivative/Vitamin C solution reduced the measured superoxide anion signal in a dose- 
dependent manner (FIG. 3); complete suppression of the superoxide anion signal was achieved at 0.02 uM 
concentration. FIG. 3 demonstrates the strong superoxide signal after activation in controls, then the results of 
titration with the disodium salt disuccinate astaxanthin derivative/Vitamin C solution from 0.01 uM to 0.02 uM. 

In a third experiment, neutrophils were again isolated on a Percoll gradient from whole blood from a 
second human volunteer. The isolated neutrophils were then re-suspended in phosphate-buffered saline, and 
maximally stimulated with phorbol ester to induce the respiratory burst and production of superoxide anion. To the 
solution of activated human neutrophils, the hydrochloride salt dilysinate astaxanthin derivative (XX) was added at 
four (4) concentrations, and the superoxide signal (as measured with EPR imaging) was subsequently measured. 
The hydrochloride salt dilysinate astaxanthin derivative also reduced the measured superoxide anion signal in a 
dose-dependent manner (FIG. 21), from approximately 5% reduction at 1 jiM to 98% reduction at 3 mM. Once 
again, near complete suppression of the superoxide anion signal was achieved at 3 mM concentration. This novel 
carotenoid derivative showed scavenging efficacy at low concentration (1 uM), as well as the ability for increased 
concentrations of the derivative in this in vitro assay to nearly completely eliminate the superoxide anion signal. 
The activity of this novel derivative in vitro as an aqueous scavenger again suggests that the novel derivatives 
(disodium disuccinate astaxanthin, hydrochloride salt dilysine astaxanthin) will act as soft drugs (i.e. active as the 
intact, uncleaved novel derivatives) and not pro-drugs (inactive until cleavage to free astaxanthin) in vivo. The 
aqueous solubility of this derivative (XX) was greater than 50 mg/mL, demonstrating the utility of the methods of 
the present invention to increase the water solubility of the parent carotenoids (in this case astaxanthin), from nearly 
zero inherent water solubility to the high mg/mL range. 

Direct Superoxide Anion Scavenging by a Disodium Disuccinate Astaxanthin Derivative: Relative Efficacy 
of Individual Stereoisomers versus the Statistical Mixture of Stereoisomers by Electron Paramagnetic 

Resonance Imaging 

Materials 

Non-esterified, all-E 1 astaxanthin [1:2:1 statistical mixture of stereoisomers 3S,3'S, meso (3S,3'R and 
3'S,3R), and 3R,3'R] was purchased from Buckton Scott (India) and used as supplied (> 95% purity by HPLC). 
Astaxanthin was dissolved in HPLC grade dimethylsulfoxide (DMSO; Sigma- Aldrich, St. Louis, MO). The 
disodium disuccinate derivatives of astaxanthin were tested separately in nine formulations: statistical mixture of 
stereoisomers (as for astaxanthin, above, a 1:2:1 mixture of all-E 1 ; labeled as "mixture" in all tables and figures); 
3S,3'S, and 3R,3'R (optical isomers or enantiomers); and meso (mixture of 3S,3'R and 3'S,3R; diastereomers of the 
enantiomeric pair). All disuccinate derivatives were synthesized at > 90% purity by HPLC. The disuccinate 
derivatives were first tested at the appropriate final concentrations in pure aqueous solution (deionized water) from 
stock solutions of 10 mM. Each of the four disuccinate derivatives were then tested from stock solutions prepared 

57 



WO 2004/011423 PCT/US2003/023706 

in a 1:2 mixture of ethanol (final concentration of EtOH in stock solution 33 Vs%; final concentration in isolated 
neutrophil assay 0.3%; HPLC grade ethanol, Sigma- Aldrich, St. Louis, MO) at 10 mM. The 3S,3'S derivative was 
also tested from a 50% EtOH concentration stock solution (final concentration in isolated neutrophil assay 0.5%). 
Ethanolic formulation of the disuccinate derivatives has been shown to completely disaggregate the supramolecular 
assemblies which form in pure aqueous solution, providing monomeric solutions of the derivatives immediately 
before introduction into the test assay. Ethanol alone negative controls (0.3% and 0.5% final EtOH concentrations 
in isolated neutrophil assay) and superoxide dismutase mimetic positive control (10 uM final concentration; 
Metaphore® Pharmaceuticals, Inc., St. Louis, MO) were also performed. 

A carotenoid derivative [Succinic acid mono-(4-{18-[4-(3-carboxy-propiony!oxy)-2^ 
oxo-cyclohex-l-enyl]-3,7,12^6~tetram 

cyclohex-3-enyl) ester; FIG. 17] and its stereoisomeric forms were synthesized, disodium disuccinate derivatives of 
astaxanthin, in all-trans (all-£) form. The derivatives are symmetric chiral molecules with 2 chiral centers at the 3 
and 3' carbon positions, comprising 4 stereoisomers: 3R,3 J R and 3S,3'S (optical isomers, or enantiomers), as well 
as the diastereomeric meso forms (3R,3'S and 3'R,3S). The statistical mixture of stereoisomers synthesized from 
the commercial source of astaxanthin contains 3R,3'R, meso (3R,3'S and 3'R,3S), and 3S,3 5 S stereoisomeric forms 
in a 1:2:1 ratio. All individual stereoisomers and the statistical mixture were synthesized at > 90% purity by HPLC, 
allowing direct comparison of the individual efficacy of these forms as direct radical scavengers. The all-i? forms 
of the stereoisomers used in this study were linear, rigid molecules (bolaamphiphiles) owing to the lack of cis (or Z) 
configuration(s) in the polyene chain of the spacer material. 

The disodium disuccinate diesters of astaxanthin demonstrate increased water "dispersibility" over the 
parent compound astaxanthin. The water dispersibilities of the individual stereoisomers and the statistical mixture 
were all greater than 8 mg/mL (approximately 10 mM), allowing them to be introduced into the buffered aqueous 
test system without a co-solvent. The tendency for the parent carotenoids such as astaxanthin (Salares, 1977), as 
well as novel carotenoid derivatives (e.g. capsanthin derivatives) (Zsila, 2001 and Bikadi, 2002) to form 
supramolecular assemblies in aqueous solution was also observed for the derivatives tested in the current study. 
Supramolecular self-assembly results in aggregates of significant size in aqueous solution, and prevents maximum 
direct interaction of aggregated molecules with radical species. Therefore, a comparison of the direct scavenging 
behavior of the novel astaxanthin derivatives was conducted in both pure aqueous formulation as well as with the 
co-solvent ethanol. In stock solutions, a 1:2 concentration of EtOH/water was shown to completely disaggregate 
the statistical mixture, meso, and 3R,3'R derivatives; a 50% ethanolic stock solution was required to completely 
disaggregate the 3S,3'S isomer. The scavenging ability of the compounds was also tested relative to negative (i.e. 
ethanol vehicle) and positive [superoxide dismutase (SOD) mimetic, free racemic astaxanthin in DMSO] controls. 
Leukocyte Purification and Preparation 

Human polymorphonuclear leukocytes (PMNs) were isolated from freshly sampled venous blood of a 
single volunteer (S.F.L.) by Percoll density gradient centrifugation, which yielded PMNs with a purity of > 95%. 
Each 10 mL of whole blood was mixed with 0.8 mL of 0.1 M EDTA and 25 mL of saline. The diluted blood was 
layered over 9 mL of Percoll at a specific density of 1 .080 g/mL. After centrifugation at 400 x g for 20 min at 20 °C, 
the plasma, mononuclear cell, and Percoll layers were removed. Erythrocytes were lysed by addition of 18 mL of 
ice-cold water for 30 s, followed by 2 mL of lOx PIPES buffer (25 mM PIPES, 1 10 mM NaCl, and 5 mM KC1, 
titrated to pH 7.4 withNaOH). Cells were pelleted at 4 °C, the supernatant was decanted, and the procedure was 
repeated. After the second hypotonic lysis, cells were washed twice with PAG buffer (PIPES buffer containing 
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0.003% human serum albumin and 0.1% glucose). Afterward, PMNs were counted by light microscopy on a 
hemocytometer. The final pellet was then suspended in PAG-CM buffer (PAG buffer with 1 mM CaCk and 1 mM 
MgCl 2 ). 

EPR Measurements 

All EPR measurements were performed using a Bruker ER 300 EPR spectrometer operating at X-band 
with a TMno cavity. The microwave frequency was measured with a Model 575 microwave counter (EBP 

Microwave, Inc., San Jose, CA). To measure O 2 generation fromphorbol-ester (PMA)-stimulated PMNs, EPR 
spin-trapping studies were performed using DEPMPO (Oxis, Portland, OR) at 10 mM. 1 X 10 6 PMN's were 
stimulated with PMA (1 ng/mL) and loaded into capillary tubes for EPR measurements. To determine the radical 
scavenging ability of non-esterified, free "racemic" astaxanthin in DMSO and the disodium salt disuccinate 
derivatives in each of the nine formulations, PMN's were pre-incubated for 5 minutes with compound followed by 
PMA stimulation as previously described. The instrument settings used in the spin-trapping experiments were as 
follows: modulation amplitude, 0.32 G; time constant, 0.16 s; scan time, 60 s; modulation frequency, 100 kHz; 
microwave power, 20 milliwatts; and microwave frequency, 9.76 GHz. The samples were placed in a quartz EPR 
flat cell, and spectra were recorded. The component signals in the spectra were identified and quantified as reported 
(Lee, 2000). 
Statistical Analysis 

Statistical analyses were performed with the NCSS statistical software package (NCSS 2001 and PASS 
2002, Kaysville, UT). All statistical tests were performed at an a - 0.05. 

Brief Discussion of EPR Results: 

The potent SOD mimetic produced by Metaphore, Inc. served as a positive control at study outset. As has 
been observed repeatedly in the Zweier laboratory, the 10 juM dose in water-only vehicle nearly completely 
eliminated the superoxide anion signal as detected with DEPMPO (97% inhibition; Table 1). An ethanol-alone 
negative control (final concentration 0.3%) was also evaluated, as ethanol shows minor scavenging activity in these 
systems; 5.7% inhibition was seen at this concentration. This amount of inhibition was not subtracted from 
formulations containing ethanol in the descriptive data in Table 1, as the utility of the dosing vehicle itself 
(disodium disuccinate derivative in EtOH) in direct scavenging was being evaluated in this study. Non-esterified, 
free astaxanthin in DMSO (100 uM) was evaluated as a reference standard for direct comparison to the novel 
derivatives synthesized for this study; mean inhibition of the astaxanthin/DMSO vehicle was 28% (Table 1). 

FIG. 18 shows the relative scavenging ability of each of the 4 stereoisomers (mixture and 3 individual 
stereoisomers) in water, at a final concentration of 100 uM. Except for the 3R,3'R enantiomer (28.7% inhibition), 
all other novel derivative formulations showed decreased scavenging ability relative to the astaxanthin/DMSO 
formulation (range -2.0% to 19.3% inhibition; Table 1). As can be seen, the 3S,3'S formulation did not exhibit any 
mean scavenging activity. When introduced into the isolated neutrophil test system in ethanolic formulation, 
however, in each case the scavenging ability increased over that of the same derivative formulated in water (FIG. 
19; range 38.0% to 42.5%). It is important to note that the 3S,3'S derivative was formulated in 50% EtOH for this 
comparison. A trend toward increased scavenging capacity over astaxanthin in DMSO was seen for the novel 
derivatives in ethanolic formulation, but after subtraction of the mean scavenging ability of the ethanol vehicle 
(final concentration in the test assay 0.3%), the trend was not significant (NS). In addition, no significant 
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differences in mean scavenging ability were observed among the 4 formulations of novel derivatives tested in 
ethanol (FIG. 19). 

FIG. 20 shows the results of titration of superoxide signal inhibition by increasing concentrations of the 
mixture of stereoisomers of disodium disuccinate astaxanthin in ethanolic formulation. As the concentration was 
increased from 100 uM to 3 mM, near complete inhibition of superoxide signal was noted (95.0% inhibition at the 3 
mM dose; Table 1 and FIG. 18). The dose-response curve was non-linear. Adjusting for percent inhibition and 
tested dose, the disodium disuccinate derivative was between one and two orders of magnitude less potent than the 
SOD mimetic used as a positive control in the current study (Table 1). Table 1 depicts descriptive statistics for 
various formulations of disodium disuccinate derivatives of astaxanthin tested in the current study. Sample sizes of 
3 or greater were evaluated for each formulation, with the exception of 3S, 3'S in 50% EtOH stock solution (N = 2), 
and SOD mimetic (positive control, N = 1) evaluated at study outset. 



TABLE 1 



Sample 


Solvent 


Concentratio 
n 


N 


Mean (% 
inhibition) 


S.D. 


SEM 


Min 


Max 


Range 


Astaxanthin 


DMSO 


0.1 mM 


4 


28.0 


7.6 


3.8 


20 


35 


15 


Mixture 


Water 


0.1 mM 


3 


19.3 


0.6 


0.3 


19 


20 


1 


Mixture 


EtOH 


0.1 mM 


3 


38.0 


8.7 


5.0 


32 


48 


16 


Mixture 


EtOH 


0.5 mM 


3 


60.1 


7.2 


4.2 


56 


69 


13 


Mixture 


EtOH 


1.0 mM 


3 


78.0 


8.2 


4.7 


71 


87 


16 


Mixture 


EtOH 


3.0 mM 


3 


95.0 


4.9 


2.8 


89 


98 


9 


Meso 


"Water 


0.1 mM 


3 


15.7 


5.9 


3.4 


9 


20 


11 


Mesa 


EtOH 


0.1 mM 


4 


42.5 


3.4 


1.7 


38 


46 


8 


3R, 3'R 


Water 


0.1 mM 


3 


28.7 


15.0 


8.7 


13 


43 


30 


3R, 3'R 


EtOH 


0.1 mM 


5 


40.8 


7.5 


3.3 


30 


50 


20 


3S, 3'S 


Water 


0.1 mM 


3 


-2.0 


4.4 


2.5 


-7 


1 


8 


3S,3'S 


EtOH 


0.1 mM 


6 


21.3 


4.9 


2.0 


15 


29 


14 


3S, 3'S 


EtOH 
(50%) 


0.1 mM 


2 


38 


1.4 


1.0 


37 


39 


2 


Control 


Water 


0.0 mM 


10 


0.0 


ND 


ND 


ND 


ND 


ND 


Control 


EtOH 


0.3% final 


3 


5.7 


2.5 


1.5 


3 


8 


5 


SOD mimetic 


Water 


10 fxM 


1 


97.0 


ND 


ND 


ND 


ND 


ND 
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Brief Discussion of EPR Results. 

Astaxanthin is a potent lipophilic antioxidant that normally exerts its antioxidant properties in lipid-rich 
cellular membranes, lipoproteins, and other tissues (Britton, 1995). Derivatives of astaxanthin — with increased 
utility as water-dispersible agents — have the ability to directly scavenge aqueous-phase superoxide anion produced 
by isolated human neutrophils after stimulation of the respiratory burst. 

The pure aqueous formulations of the novel derivatives were less potent than the ethanolic formulations in 
terms of direct scavenging ability. Supramolecular assembly of the water soluble carotenoid derivatives in some 
solvents (e.g., water) may explain their lack of potency in those solvents. The aggregation is of the helical, "card- 
pack" type, with aggregates greater than 240 nm in size forming in pure aqueous solution. Increasing ionic strength 
of buffer solutions may increase both the size and stabilility of these aggregates. The radical scavenging ability of 
these aggregates will be diminished over the monomeric solutions of the same compounds; in fact, no scavenging 
ability was seen for the 3S,3'S stereoisomer dissolved in water (Table 1, FIG. 18). Care must be taken in 
preparation of formulations for in vitro and in vivo testing, as supramolecular assembly limits the number of 
molecules available for interaction with radical species. The size of the aggregates must also be taken into account, 
as aggregates containing as many as 10 6 molecules and reaching 300 nm or greater in size have been described 
(Bakadi, 2002). 

Titration of the disodium disuccinate astaxanthin derivative dose to 3 mM (as the mixture of stereoisomers 
in 1:2 EtOH/water) demonstrated near complete suppression of the superoxide anion signal (95% inhibition), as 
measured with the DEPMPO spin trap (FIG. 20). The dose-response curve was non-linear, requiring increasing 
doses for near-complete suppression of radical signal (FIG. 20). At the lowest concentration tested (100 uM) 5 
nearly 40% of the signal was inhibited. The potency of the disodium disuccinate astaxanthin derivative at this dose 
can be compared directly with the superoxide dismutase (SOD) mimetic used as a positive control in the current 
study (97% inhibition at 10 uM). The results show that as an aqueous-phase radical scavenger, the disodium 
disuccinate astaxanthin derivative is one to two orders of magnitude less potent than the SOD mimetic. However, 
in vivo, these derivatives decay to free astaxanthin, which becomes active in the lipid-rich membranes of cells 
[including the mitochondrial and nuclear membranes (Goto, 2001)], therefore providing dual protection (aqueous 
and lipid-phase radical scavenging), not achievable with water-soluble proteins and enzyme mimetics. Non- 
esterified, free astaxanthin (when provided as a dietary supplement at 0.02% of feed wt/wt) is cardioprotective 
against the ROS-mediated strenuous exercise insult to both skeletal and cardiac muscle (Aoi et al. 2003). 
Therefore, this characteristic (i.e. dual-phase radical scavenging) should provide additional utility for this class of 
compounds as clinical therapeutic agents in those indications for which radical and reactive oxygen species 
prevention is important (Cross, 1987). 

The study demonstrates for the first time direct scavenging of superoxide anion detected by EPR 
spectroscopy by a novel group of carotenoid derivatives. The compounds were found to form supramolecular 
assemblies in pure aqueous solution. Formation of supramolecular assemblies may limit their scavenging potency 
relative to monomeric solutions of the same compounds. No significant differences in scavenging ability were seen 
among the 4 potential stereoisomers of the novel compounds. Dose-ranging studies revealed that the concentration 
of derivative could be increased to near-complete suppression of the induced superoxide anion signal. As potential 
in vivo therapeutic agents, this class of compounds may be used as both an aqueous phase and lipid phase 
scavenger, which should find wide application in those acute and chronic disease conditions for which potent 
radical scavengers have demonstrated efficacy. 
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Direct superoxide anion scavenging by the disodium disuccinate di-vitamin C astaxanthin derivative: 

In an electron paramagnetic resonance (EPR) imaging experiment, neutrophils were isolated on a Percoll 
gradient from whole blood from a human volunteer. The isolated neutrophils were then re-suspended in phosphate- 
buffered saline, and maximally stimulated with phorbol ester to induce the respiratory burst and production of 
superoxide anion. To the solution of activated human neutrophils, the disodium disuccinate di-vitamin C 
astaxanthin derivative (XXIII) (semi-systematic name Succinic acid 4-[18-(4-{3-[2-(3,4-dihydroxy-5-oxo-2 ? 5- 
dihydrofuran-2-yl)-2-hydroxy-ethoxycart^ 

3,7,12464etramethyl-octadeca-l^ ester 2 " 

(3,4-dihydroxy-5-oxo-2 ? 5-dihydrofuran-2-yl)-2-hydroxy-ethyl ester) was added at various concentrations, and 

the superoxide signal (as measured with EPR imaging) was subsequently measured. The disodium disuccinate di- 
vitamin C astaxanthin derivative (XXIII) reduced the measured superoxide anion signal in a dose-dependent 
manner (FIG. 33); complete suppression of the superoxide anion signal was achieved at 60 fiM concentration. This 
represents a 50-fold increase in potency over the disodium disuccinate astaxanthin derivative (XVI) also 
synthesized for the current series of experiments. The purity of the derivative as tested was 88% (by HPLC area 
under the curve, or AUG). The novel carotenoid derivative — designed to be a "soft-drug" by esterification to the 6- 
OH position of each vitamin C — preserved the antioxidant function of the individual vitamin C molecules. The 
potency of the derivative (XXIII) approached that of the formulation of disodium disuccinate astaxanthin (XVI) 
with free vitamin C in a 1:2 molar ratio (which completely suppressed the superoxide anion signal in a 20 fxM/40 
pM disodium disuccinate astaxanthin derivative (XVI)/free vitamin C formulation). Derivative (XXIII), which 
generates 2 moles of free vitamin C and 1 mole of non-esterified, free astaxanthin for every mole of derivative in 
vivo may be particularly preferred for certain clinical indications. Derivative (XXIII) will also likely show 
increased efficacy in those clinical situations in which aqueous-phase scavenging (by the intact parent derivative, as 
well as free vitamin C) as well as lipid-phase scavenging (by non-esterified, free astaxanthin) are important for 
reduction in the pathology attributable to ROS and other radical species injury. 

Infarct Size Reduction in Male Sprague-Dawley rats: 

FIG. 4, FIG. 25, and FIG. 26 depict graphical representations of the reduction of infarct size in male 
Sprague-Dawley rats. Male Sprague-Dawley rats were pre-treated with the disodium salt disuccinate astaxanthin 
derivative (as the mixture of stereoisomers) in aqueous solution before performing an occlusion and inducing a 
myocardial infarction. Male Sprague-Dawley rats (175-200 grams) were anaesthetized with 100 mg/kg of Inactin, 
instrumented, and the heart exposed. The left coronary artery had a suture placed around it and was subjected to 30 
minutes of total coronary artery occlusion followed by 2 hours of reperfusion, at which time infarct size was 
measured in hearts excised from the animal. The hearts were washed in buffer and incubated in 
triphenyltetrazolium chloride (TTC) staining solution kept at 37 °C in phosphate buffer at pH of 7.40. Infarct size 
(IS) was expressed as a % of the area at risk (IS/AAR, %). Systemic blood pressure, heart rate, blood gases and 
body temperature were monitored throughout the experiment, and temperature and blood gases were tightly 
controlled at normal physiological levels. 25, 50, or 75 mg/kg of the disodium salt disuccinate astaxanthin 
derivative or sterile saline vehicle was administered I.V. by tail vein injection every day for 4 days prior to the 
infarct experiment and infarct size determination. 



62 



WO 2004/011423 PCT/US2003/023706 

Brief Description of Salvage Results. 

Infarct size reduction, and the corresponding myocardial salvage, increased linearly, and significantly, with 
dose (P = 0.001**). At the maximum dose tested, 75 mg/kg, mean myocardial salvage was 56%, which approaches 
that achievable with ischemic pre-conditioning strategies. Volume limitations for single-dose I.V. injection in this 
rat precluded testing of higher doses; however, the significant linear correlation (P < 0.001**; r 2 = 0.67) between 
non-esterified, free plasma levels of astaxanthin and IS/AAR,% suggested that at doses of approximately 120 to 125 
mg/kg, 100% salvage might be achieved. This is the first demonstration of cardioprotection by a novel carotenoid 
derivative. 

Pharmacokinetics, increased bioavailability, and increased target tissue distribution of the orally 

administered disodium disuccinate astaxanthin derivative: 

Plasma Pharmacokinetics 

Single dose oral pharmacokinetic parameters (including C max , T max , AUC( 0 _72) V d , and clearance) of the 
disodium disuccinate astaxanthin derivative were determined in male C57BL/6 mice. The animals were 
administered the derivative orally at a single maximum dose (500 mg/kg) shown in prior studies to likely be 
efficacious in preventing the injury secondary to CCl 4 -administration in Sprague-Dawley rats (100 mg/kg body 
weight in those studies). Samples for HPLC analysis of levels of free astaxanthin in plasma and liver were obtained 
at the following time points, from at least 3 animals per time point: 

Time 0 [immediately before dosing of test compound], 2, 4, 6, 8, 12, 16, 24, 48, and 72 hours after ingestion. 

Additional samples, with N < 3, were taken at other intervals (10, 14, and 36 hours; Tables 2 and 3). Non- 
esterified, free astaxanthin levels were determined in this study as carotenoid esters are completely cleaved in the 
mammalian gut to free carotenoid, which moves passively across the enterocyte. 

Brief Description of Experimental Methods: Plasma Pharmacokinetics 

Male C57BL/6 mice, approximately 25 g, were housed in cages (three mice/cage) and fed standard mouse 
chow (Purina Mouse Chow, Ralston Purina, St. Louis) and water ad libitum for at least five days prior to the start of 
the experiment. The disodium disuccinate astaxanthin derivative was mixed with the following components to 
make an emulsion suitable for oral gavage: 

» Sterile filtered (0.2 micron Millipore®) water; 

■ Olive oil (Bertolli USA, Inc., Secaucus, NJ); 

■ Soybean lecithin, Type IV-S (Sigma-Aldrich Co., St. Louis, MO; catalog number P3644). 

The disodium disuccinate astaxanthin derivative demonstrates water-solubility of approximately 8.64 
mg/mL in pure aqueous formulation. In the emulsion described above, solubility was increased to approximately 
50 mg/mL, allowing for dosing up to 500 mg/kg by gavage in these animals. This significant 6-fold increase in 
solubility in the dosing vehicle greatly facilitated gavage studies in these small mice. 
Methods for preparing the emulsion were as follows: 

(1) Add 80 mg of soy lecithin (Sigma catalog P3644) to 5.0 mL water. Vortex intermittently for 

approximately 30 minutes in a 15 mL centrifuge tube until the suspension is uniform; 

(2) Add 2.5 mL olive oil at room temperature and vortex. This produces a uniform, thick, cloudy yellow 

suspension. This emulsion material may be stored either at room temperature or in the 
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refrigerator at 4 °C. If stored, vortex immediately before adding the disodium disuccinate 
derivative in Step 3 (below); 

(3) Add the disodium disuccinate astaxanthin derivative at 50 mg/mL directly to the emulsion. The 

compound readily enters into a uniform suspension at this concentration. Vortex immediately 
prior to gavage to assure uniform suspension; and 

(4) The material has the potential to clog the mouse gavage needle. Rinse the gavage needle after every 2 

gavages. 

The emulsion was given by oral gavage at 500 mg/kg body weight in a single dose. Food was withdrawn 
from all cages the evening prior to the experiment. One hour after administration of the emulsion, food and water 
were restored to all animals. 

The methods for whole blood and tissue sampling, sample extraction, and HPLC analysis have been 
described in detail (Osterlie, 2000). Briefly, whole blood was collected in EDTA-containing Vacutainer® tubes, and 
plasma subsequently prepared by centrifugation at 4°C, 1500 x g for 20 minutes. Plasma samples were then 
aliquoted and snap frozen in liquid nitrogen prior to transport and HPLC analysis. 

Tissue Accumulation 

Free astaxanthin concentration was also determined, at the same time points as for plasma samples, in liver. 
Livers were removed from each animal in the pharmacokinetic study after sacrifice, and snap frozen in liquid 
nitrogen. Liver tissue was prepared for HPLC analysis as described (Jewell, 1999). Therefore, simultaneous 
examination of liver accumulation of free astaxanthin was performed at the same time points as the plasma 
analyses. 

Brief Description of Experimental Methods: Liver Accumulation of Free Astaxanthin 

Up to 300 mg of liver from each animal was snap frozen in liquid nitrogen. Tissue homogenization and 
extraction were performed with a mixture of chloroforrn/methanol/water, according to the methods of Jewell 
(1999). Non-esterified, free astaxanthin accumulation in liver was then evaluated by HPLC as described above for 
plasma samples. 

Brief Discussion of Pharmacokinetic Results 

Summary tables of plasma and liver levels of free astaxanthin at the appropriate sampling interval(s) are 
shown as Tables 2 and 3. Plasma and liver non-esterified free astaxanthin areas under the curve vs. time (AUC's) 
are also included in Tables 2 and 3. The results demonstrate that for each sampling interval, the levels of free 
astaxanthin in liver are equal or greater to that in plasma. This improved tissue-specific delivery to the liver is 
unprecedented in the literature; in fact, liver levels of free astaxanthin are typically lower than the corresponding 
levels in plasma at equivalent time points post-dose (Kurihara, 2002). Thus, the disodium disuccinate astaxanthin 
derivative in the emulsion described above is a superior vehicle for delivery of therapeutic concentrations of free 
carotenoid to tissues of interest after oral dosing. \ 

TABLE 2: Plasma Levels of Non-Esterified, Free Astaxanthin 
Time Sample asta nM asta mg/kg mean mg/kg IS.D. 
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TABLE 3: Liver Levels of Non-Esterified, Free Astaxanthin 
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Pre-treatment (15 days to 6 weeks) is often required when carotenoids such as astaxanthin are provided in 
oral vehicle or in feed to achieve efficacious levels in liver-injury studies (Kang, 2001; Kim, 1997; Aoi et al. 1993). 
In this case, therapeutic levels (200 nm or above) were achieved with a single dose. 

The Cmax (Table 4) of 0.9 mg/L is also unprecedented in rodents, animals which absorb only a small 
percentage of the oral dose of carotenoids. It is significant that these plasma and liver levels of free carotenoid were 
obtained after just a single dose of compound in the emulsion vehicle. In humans, Osterlie et al. (2000) have 
described Cmax plasma levels of 1.3 mg/L after a single dose of 100 mg (approximately 1.1 mg/kg oral dose) of 
non-esterified, free astaxanthin in olive oil vehicle. Humans typically absorb 40 to 50% of the oral dose of 
carotenoid when provided in fatty vehicle, as opposed to a few percentage points for rodents. Therefore, the current 
study demonstrates achievement of nearly 70% of the Cmax in humans with the emulsion vehicle developed for 
rodents, greatly increasing the utility of this derivative for hepato-protection studies. 

TABLE 4: pK Parameters 
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Reduction of experimental infarct size and circulating levels of C-reactive protein in rabbits after parenteral 

administration of Cardax™ (disodium disuccinate astaxanthin derivative): 

The influence of parenteral administration of the disodium disuccinate astaxanthin derivative (XVI) on 
induced infarct size and induced levels of circulating C-reactive protein (CRP) in rabbits was investigated using the 
methods of Barrett et aL (2002) with slight modifications. The purpose of the current study was to investigate the 
ability of the disodium disuccinate astaxanthin derivative (XVI) to reduce inflammation as measured by CRP in the 
setting of experimental myocardial ischemia/reperfusion injury in the rabbit heart. It has been suggested that CRP, 
commonly used as a marker for the acute inflammatory ("acute-phase") response, may actually have a pro- 
inflammatory effect mediated through the activation of the complement cascade. Myocardial ischemia/reperfusion 
injury, which is accompanied by an increase in the formation of oxygen radicals (ROS), has also been shown to 
activate the complement system. It has been demonstrated that (1) the endogenous increase in plasma CRP 
secondary to a remote inflammatory lesion was associated with an increase in myocardial tissue injury secondary to 
regional ischemia and reperfusion; (2) this increase in injury (manifested as increased infarct size) was mediated by 
complement activity; and (3) CRP was an "effector", and not merely an indirect measure of systemic inflammation, 
in this system. Therefore, reduction of circulating CRP levels, together with the reduction(s) in infarct size 
previously noted with Cardax™ in rodents, would form a powerful anti-inflammatory therapeutic modality in the 
acute coronary syndrome setting. 

In brief, male New Zealand white rabbits (2.25 - 2.5 kg) were used for the study. The acute phase 
inflammatory response was induced by subcutaneous injection of four aliquots (0.5 mL each) of 1% croton oil in 
corn oil beginning on the second day of pre-treatment with Cardax™. Either Cardax™ (at 50 mg/kg IV by ear vein 
injection) in water or equal volumes of sterile saline were given once per day for 4 days prior to experimental 
infarction on day 5. The time course of increases in circulating CRP levels were obtained as described previously 
(Barret et al. 2002), using an ELISA-based method with anti-rabbit CRP antibodies. On the final day of the 
experiment (day 5: approximately 24 hours after the last drug infusion), the rabbits were anesthetized with a 
mixture of xylazine (3 mg/kg) and ketamine (35 mg/kg) followed by pentobarbital (90 mg/kg) intramuscularly. 
Additional pentobarbital was administered as necessary to maintain anesthesia. After tracheotomy, the rabbits were 
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ventilated with room air, and the heart was exposed via a left thoracotomy. The heart was then supported in a 
pericardial cradle and a 3-0 silk ligature was placed around the left anterior descending coronary artery. The artery 
was occluded for 30 minutes by exerting traction on the ligature and subsequently reperfused for 180 minutes. 
Shortly before completing the protocol, a venous blood sample was obtained for determination of plasma CRP. 

At the completion of the reperfusion phase of the protocol, the hearts were removed and cannulated by the 
aorta on the Langendorff perfusion apparatus. The hearts were then perfused with a modified Krebs-Henseleit 
buffer for 10 to 15 minutes (20 - 25 mL/minute). At the conclusion of this period, the hearts were perfused with 80 
mL of 0.4% 2,3,5-triphenyltetrazolium chloride (TTC) at 37 °C for determination of the area-at~risk (AAR). The 
left circumflex coronary artery was then ligated in the same area as it was during the surgical 
preparation/experimental infarction. At this time, the perfusion pump was stopped, and 3.0 mL of Evan's blue dye 
was injected slowly into the hearts through a sidearm port connected to the aortic cannula. The solution was 
allowed to distribute through the heart for approximately 30 seconds. The hearts were then cut into six transverse 
sections at right angles to the vertical axis. The right ventricle, apex, and atrial tissue were discarded. Tissue 
demarcated by a purple/blue color represented the region perfused by the noninfarct-related coronary artery 
distribution. Both surfaces of each transverse section were traced onto clear acetate sheets that were scanned and 
subsequently digitized to calculate infarct area. Total area at risk was expressed as a percentage of the left ventricle. 
Infarct size was then expressed as a percentage of area at risk. 

Mean infarct size in control animals and Cardax — treated animals is shown in FIG. 37. Levels of 
circulating CRP in control animals and Cardax™ - treated animals (shown as the mean difference between baseline 
levels and induced levels at the time of reperfusion) is shown in FIG. 38. Reductions in infarct size of 
approximately 55.4% percent were seen in Cardax™ — treated rabbits; ischemic area at risk was similar in both 
groups. Similarly, the mean increase in circulating CRP levels in controls (+23.5%) over baseline was completely 
abrogated in the Cardax™ — treated animals, to mean levels below those observed at baseline (-15.7%). As CRP is 
both an effector in the acute coronary syndrome — resulting in an increased infarct size in the presence of elevated 
levels of this acute phase reactant — and a strong independent predictor of cardiovascular risk in primary and 
secondary prevention cardiac patients — reductions in the levels of this circulating protein forms a strong therapeutic 
modality. 

Oral administration of disodium disuccinate astaxanthin reduces alanine aminotransferase (ALT) elevations 

produced by lipopolysaccharide (LPS) in mice: 

The following study evaluates the utility of oral administration of the disodium disuccinate astaxanthin 
derivative for hepatoprotective effects in a model of LPS-induced liver injury in mice. 

Brief Description of Experimental Methods: 

Three-month old male ICR mice were treated with LPS and galactosamine in order to induce liver injury 
(Leist, 1995). Mice were first orally gavaged with either an olive oil/water/ lecithin emulsion (10 mL/kg, or 0.3 mL 
for a 30 gram mouse), or the same emulsion containing the disodium disuccinate astaxanthin derivative (50 mg/mL) 
for a final disodium disuccinate astaxanthin dose of 500 mg/kg. Two hours later mice were injected 
intraperitoneally (IP) with either saline (10 mL/kg) or a solution of E. coli LPS (3 mg/kg, Sigma catalog number L- 
3755) and D-galactosamine (700 mg/kg). Animals were sacrificed by carbon dioxide (C0 2 ) asphyxiation 5 hours 
after the IP injection, and plasma was then collected for ALT determination. 
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Brief Description of LPS-Induced Injury Results. 

These initial results demonstrated that the disodium disuccinate astaxanthin derivative had no effect on 
plasma ALT in the saline injected (liver-injury sham-treated control) animals. In control animals gavaged with 
emulsion only (without the derivative), there was a greater than 3 -fold increase in ALT. In animals that received 
the emulsion with disodium disuccinate astaxanthin derivative at 500 mg/kg included, the ALT elevation was 
substantially reduced (N = 3 animals per group), demonstrating the efficacy of the compound in reducing ALT, a 
serum marker of hepatocyte necrosis in these animals. As LPS-induced liver injury is mediated by ROS (including 
the radical nitric oxide NO ), and substantial systemic inflammation occurs after LPS insult, for which non- 
esterified, free astaxanthin is protective (Ohgami et al. 2003), the utility of the novel derivative for clinical 
indications in which such inflammation is promoted represents a particularly useful embodiment. 

Accumulation of free astaxanthin in plasma and liver after multiple dose oral administration in black mice: 

In this pharmacokinetic study, with methods as described herein, eleven (11) individual daily oral doses of 
the disodium disuccinate astaxanthin derivative (500 mg/kg) were given by oral gavage in the emulsion vehicle to 
black mice, and the accumulation of free astaxanthin in plasma and liver was measured in three (3) animals at the 
probable Cmax and Tmax (6 hours). Probable Cmax and Tmax (6 hours) was deduced from plasma and liver 
samples in the prior single dose oral pharmacokinetic study. Accumulation of non-esterified, free astaxanthin in 
plasma and liver after single emulsion doses was assessed. The mean plasma concentration for all animals tested 
was 381 nM. Mean liver concentration for all animals tested was 1735 nM. In the single dose study, on average, a 
protective level (set at the antioxidant ED 50 for non-esterified, free astaxanthin of 200 nM) was achieved in both 
plasma and liver; the mean liver concentration achieved was almost 9 times the protective level. 

In the multiple dose study, both peak and trough levels were taken (peak levels taken 6 hours after dosing 
at the probable Cmax; trough levels obtained 6 hours after Cmax, or 12 hours post-dose). Mean peak levels in 
plasma at peak and trough, respectively, were 485 nM and 231 nM; mean peak levels liver at peak and trough, 
respectively, were 1760 nM and 519 nM. Again, in each case protective levels were achieved and maintained to 11 
days post-multiple dosing; in the case of liver, levels almost 9 times the protective level were achieved. Again, at 
each time point after multiple dosing, the accumulation in liver was greater than that observed in plasma, 
demonstrating the increased utility of this dosing vehicle for targeting to this solid organ (FIG. 32). It is also 
apparent from this data set that chronic administration of the disodium disuccinate astaxanthin derivative will be 
efficacious in hepatoprotection. 

Accumulation of free astaxanthin in myocardium (heart) and brain after single dose oral administration in 

black mice: 

A single maximum dose of the disodium disuccinate astaxanthin derivative (500 mg/kg) was given by oral 
gavage in the emulsion vehicle to black mice, and the accumulation of non-esterified, free astaxanthin was 
measured in four (4) animals at the probable Cmax and Tmax (6 hours), as deduced from plasma and liver samples 
in the prior study. Accumulation of non-esterified, free astaxanthin in heart after a single dose was excellent (mean 
+/- SEM of 4 animals = 693.25 +/- 272 nM), and paralleled that seen with accumulation of non-esterified, free 
astaxanthin in liver. Again, at each time point, the accumulation in heart was greater than that observed in plasma, 
demonstrating the increased utility of this dosing vehicle for targeting to solid organs. Accumulation of non- 
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esterified, free astaxanthin in the CNS (brain) was less striking (mean +/- SEM of 4 animals = 3.6 +/- 1.7 nM), 
suggesting that penetration of the blood-brain barrier (BBB) was possible, but that chronic, multiple-dose 
administration may be necessary to achieve protective levels for those CNS applications (Alzheimer's disease, 
stroke, etc.). 

Interaction of the Disodium Salt Disuccinate Derivative of meso- Astaxanthin with Human Serum Albumin (HSA): 

Poor aqueous solubility of most carotene carotenoids, and the vast majority of xanthophylls limits their use 
as aqueous-phase singlet oxygen quenchers and radical scavengers. Chemical modifications which increase the 
apparent solubility and/or dispersibility of the carotenoids have found application in basic science as well as clinical 
research. However, the tendency for the parent carotenoids and novel derivatives to form supramolecular 
assemblies in aqueous solution warrants comprehensive evaluation of such behavior prior to moving into in vitro 
and in vivo assays of the efficacy of such compounds. 

FIG. 5 depicts a carotenoid derivative, the disodium salt disuccinate derivative (dAST) of synthetic meso- 
astaxanthin (3R,3'S-dihydroxy-p 5 P-carotene-4,4'-dione), in edUrans (all-£) form. The symmetric C 40 -xanthophyll 
used to generate the new derivative has two chiral centers at the 3 and 3' positions. In aqueous solution C40- 
xanthophyll exhibits no optical activity, as these stereocenters have opposite absolute configurations and internally 
compensate each other. Natural carotenoid molecules possessing carboxylic functionality bind preferentially to 
human serum albumin (HSA), the most abundant protein in the blood. Since albumin binding strongly influences 
the potential in vivo biochemical activities of a given compound, circular dichroism (CD), ultraviolet- visible 
(UV/Vis) and fluorescence spectroscopy were used to characterize the interaction of this novel carotenoid 
derivative with fatty acid-free HSA. The protein binding and aggregation properties were investigated of this 
symmetric carotenoid attached through direct esterification to a moiety with carboxylate end groups, forming a 
rigid, long-chain, highly unsaturated dianionic bolamphiphile. It was verified that in buffer solution in the absence 
of protein, the meso-carotenoid formed closely-packed H-type (card-pack) aggregates exhibiting no CD Cotton 
effects (CE). At low ligand/protein (L/P) molar ratios, however, the meso-caiotenoid immediately and 
preferentially associated with HSA in monomeric fashion, suggesting that the secondary chemical interactions (van 
der Waals forces, hydrogen bonding) that permit supramolecular assembly in aqueous solution were overcome in a 
biologically relevant environment. Above 1 : 1 ligand/protein molar ratio the 7?zeso-carotenoid molecules again 
began to aggregate; the aggregation observed at these ratios was chiral, resulting in a supramolecular structure 
showing intense, exciton-type CD activity. 

Brief Description of Experimental Methods 

The novel derivative dAST was synthesized from crystalline astaxanthin [3R,3'R, 3R,3'S, 3S,3'S 
(25:50:25)], a statistical mixture of stereioisomers obtained commercially (Buckton Scott, India). The astaxanthin 
stereoisomers were separated by high-pressure liquid chromatography (HPLC), allowing for the synthesis of the 
purified meso-disodium salt disuccinate derivative for testing in the current study. The all-trans (all-E) form of the 
meso stereoisomer used was a linear, rigid molecule owing to the lack of cis (or Z) configuration(s) in the polyene 
chain of the spacer material (FIG. 5). The disodium salt disuccinate derivative of synthetic meso-astaxanthin was 
successfully synthesized at >99% purity by HPLC. 
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Materials 

Essentially fatty acid-free human serum albumin (catalog No. A-1887, lot No. 14H9319) were obtained 
from Sigma and used as supplied. Double-distilled water and spectroscopy grade dimethyl sulfoxide (DMSO, 
Scharlau Chemie S.A., Barcelona, Spain) and ethanol (Chemolab, Budapest, Hungary) were used. All other 
chemicals were of analytical grade. 

Preparation of stock solution ofdAST 

After dissolution of the meso-carotenoid in DMSO, 100 jutl of DMSO solution was added to 2 mL ethanol 
in a rectangular cuvette with 1 cm pathlength. The absorption spectrum was registered between 260 and 650 nm. 
Concentration was calculated from the light absorption value at the A, max (£ 478 nm = 1 16,570 M^cm" 1 ). 

Preparation ofHSA solutions 

For spectroscopic sample preparation, HSA was dissolved in pH 7.4 Ringer or 0.1 M pH 7.4 phosphate 

buffer solutions. Albumin concentration was calculated with the value of E^J m — 5.31, using experimentally 
obtained absorbance data at 279 nm. The molecular weight of HSA was defined as 66500 Da. 

Circular dichroism and UV/Vis absorption spectroscopy 

CD and UV spectra were recorded on a Jasco J-715 spectropolarimeter at 25 ± 0.2 and 37 ± 0.2 °C in a 
rectangular cuvette with 1 cm pathlength. Temperature control was provided by a Peltier thermostat equipped with 
magnetic stirring. All spectra were accumulated three times with a bandwidth of 1.0 nm and a resolution of 0.5 nm 
at a scan speed of 100 nm/min. Induced CD was defined as the CD of the dAST-HSA mixture minus the CD of 
HSA alone at the same wavelengths, and is expressed as ellipticity in millidegrees (mdeg). 

CD/UV/Vis titration of HSA with dAST in pH 7 A Ringer and 0.1 M phosphate buffer solutions at 37 °C 

Ringer buffer, L/P values from 0.007 to 0.10: 2 mL of 1.6 x 10" 4 M HSA solution was placed in the cuvette 
with 1 cm optical pathlength and small amounts of the ligand stock solution (c = 2.2 x 10" 4 ) were added with an 
automatic pipette in 10 \xL aliquots. Ringer buffer. L/P values from 0.82 to 13.13: 2 ml of 2.3 x 10" 6 M HSA 
solution was placed in the cuvette with 1 cm optical pathlength and juL volumes of the ligand stock solution (c = 3.9 
x 10" 4 ) were added with an automatic pipette. Phosphate buffer. L/P values from 0.82 to 13.10: 2 mL of 2.2 x 10" 6 
M HSA solution was placed in the cuvette with 1 cm optical pathlength and jjL volumes of the ligand stock solution 
(c = 3.6 x 10' 4 ) were added with an automatic pipette. 

Measurement of the intrinsic fluorescence of HSA in the presence ofdAST 

2 mL of 4.2 x 10" 6 M HSA solution was prepared in a 1 cm rectangular cell in 0.1 M pH 7.4 phosphate 
buffer. 1.3 x 10" 4 and 3.3 x 10" 4 M ?n^-carotenoid DMSO solutions were consecutively added in uL volumes to 
the cuvette in the sample chamber of the Jasco J-715 spectropolarimeter. The resulting sample solution was excited 
between 240 and 360 nm in 0.5 nm wavelength increments. Total fluorescence intensity was collected at each 
wavelength with a Hamamatsu H5784-type photomultiplier detector mounted on a right angle to the light source. 
In the sample solution, initial and final concentrations of HSA and dAST were 4.2 x 10* 6 M - 4.0 x 10" 6 M and 1.3 
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x 10' 7 M - 1.4 x 10" 5 M, respectively. The meso-carotenoid/HSA molar ratio was varied between 0.03 and 3.53. 
During the fluorescence measurements, final DMSO concentration did not exceed 5 v/v%. A control experiment 
was also performed, in which the fluorescence of HSA during addition of 20, 50 and 100 \xL DMSO to the solution 
was measured. 

Brief Discussion of UV/Vis and CD Spectroscopy Results 

UV/Vis and CD spectral properties ofdAST in ethanol and aqueous buffer solution 

Because of its extended 7t-system, dAST exhibited intense light absorption in the visible spectrum (FIG. 
6). The main bell-shaped absorption band centered at 481.5 nm was due to the lowest energy electronic dipole 
allowed, a 7t— >te* transition polarized along the long axis of the polyene chain. At room temperature, lack of fine 
structure is typical for carotenoids containing one or more conjugated carbonyl groups. However, the vibrational 
sub-bands were indeed present beneath this curve, as revealed by the second derivative of the spectrum (FIG. 6). 
Additionally, in the near-UV region, further transitions were present. According to theoretical calculations 
performed on polyene models, the electronic transition moment (ju) of the moderately intense band around 300 nm 
is polarized parallel to the long axis of the dAST molecule. At the same time, the band at 371 nm ju is oriented 
along the twofold, C 2 symmetry axis of the conjugated system. The weak n— >7i* transitions of the carbonyl groups 
were obscured by the other bands. As expected, the meso-carotenoid compound did not show any CD bands in 
ethanol since the effects of the two opposite chiral centers (3R,3'S) canceled each other (data not shown). 

In Ringer buffer solution, the principal absorption band of dAST changed, exhibiting a large blue-shift 
(2541.6 cm" 1 ) as well as bandwidth narrowing (FIG. 7). These spectral changes indicated the formation of so-called 
"card-pack" aggregates, in which the molecules were held together in close proximity (within a few angstroms) by 
both exclusion from the aqueous environment and H-bonding interactions. As a result, the excited-state wave 
functions of the polyene chains were delocalized z'/zter-molecularly, allowing exciton resonance interaction to occur 
between neighboring molecules. This interaction resulted in a high-energy exciton peak in the UV/Vis spectrum. 
Due to unfavorable steric interactions arising among the bulky end-groups, parallel alignment of the polyene chains 
is not allowed; the long axes of the separate molecules instead close a definite intermolecular overlay angle. In 
such cases, carotenoid aggregates built up by chiral monomers also exhibit induced Cotton effects (CE) due to the 
chiral intermolecular arrangement determined by asymmetric centers. In contrast, the meso-czrotenoid compound 
demonstrated no optical activity in the aggregated state in solution (data not shown) due to the lack of net chirality 
of the molecules. 

Optical properties ofdAST in the presence of human serum albumin at low ligand/protein molar ratios 

Upon addition of dAST to the HSA solution prepared in pH 7.4 Ringer buffer, two definite, oppositely- 
signed induced CD bands appeared between 300 and 450 nm with a zero cross-over point at 367 nm (FIG. 8). The 
figure inserts show the intensities of the induced Cotton effects and the main absorption band at different L/P ratios 
(Ae and 8 values are calculated with respect to the total meso-carotenoid concentration). Magnitudes of the CEs 
increased with increasing concentration of the ligand, however, their shape and wavelength positions remain 
unchanged. As mentioned above, there are two transitions below 450 nm which might be responsible for the 
observed optical activity. The absorption band around 300 nm has transition symmetry B, and the corresponding 
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electric and magnetic transition moments are perpendicular to the twofold symmetry axis along the polyene chain. 
The electric and magnetic transition moments of the band at 372.5 nm are polarized parallel to the C 2 axis, its 
transition symmetry is A. It is reasonable to assume that upon protein binding, these bands shift to longer 
wavelengths due to the changing microenvironment surrounding the polyene chain. It has been well established 
that CD spectra of carotenoids in which the chromophoric portions belong to the C 2 point group conform to the C 2 - 
rule: if the overall conjugated system acquires right-handed chirality (i.e. dihedral angles around bonds 6-7 and 6- 
T are negative), then transitions of symmetry A lead to negative CE, and transitions of symmetry B lead to positive 
CE (FIG. 8). Therefore, the meso-carotenoid binds to HSA in such a manner that the protein environment fixes the 
terminal rings in a well-defined chiral conformation that results in the observed negative- and positive-induced CD 
bands. 

The absolute configurations of the chiral 3 and 3' centers do not determine the chiroptical property of the molecule; 
rather, the asymmetric protein environment of the albumin molecule (via non-covalent chemical interactions) 
determines the observed activity. In contrast to the aggregate behavior in the aqueous solutions described above, 
the dAST molecules do not aggregate in HSA solution at these L/P ratios, as demonstrated by the retention of the 
bell-shaped and slightly red-shifted visible absorption band (FIG. 8). Thus, both the UV/Vis absorption and CD 
spectra indicate that the binding of the meso-carotenoid molecules to HSA occurs in monomeric form. 

Optical properties of dAST in the presence of HSA above 1:1 UP ratios 

An increasing amount of dAST was added to solutions of HSA prepared either with pH 7.4 Ringer or 0.1 
M pH 7.4 phosphate buffer to achieve L/P ratios higher than 1. Both CD and UV/Vis absorption spectra exhibited 
profound changes during addition of the ligand (FIG. 9 and FIG. 10). In addition to the blue-shifted visible 
absorption band a new, positive-negative CD band pair appeared around 480 and 420 nm, respectively. These CE's 
exhibited no vibrational fine structure and their amplitudes grew with increasing concentration of the ligand. 
However, there were some notable differences between the spectra obtained in the Ringer and phosphate buffer 
solutions: 

a ) The main absorption band shifted to lower wavelength (434.5 nm) in Ringer buffer. The corresponding value 
was 451.5 nm in phosphate buffer. 

b) Deviation of the zero cross-over point of CEs from the maximum of the absorption band was three times 
larger in Ringer (441.6 cm" 1 ) than phosphate buffer solution (148.4 cm" 1 ). 

c) Above an L/P value of 8, the intensities of the CD bands no longer increased in Ringer solution. In contrast, 
the amplitude(s) of the CD bands continued to increase with increasing L/P ratio in phosphate buffer, even at 
an L/P value of 13. 

d) At the same L/P ratios, more intense CD bands were measured in phosphate buffer (FIG. 9 and FIG. 10). 
The fact that these oppositely-signed CD bands appear only above 1 : 1 L/P ratio strongly suggests that they 
stemmed from chiral intermolecular interactions between adjacent meso-carotenoid molecules. When two electric 
transition dipole moments are similar in energy, lie close to each other in space, and form a chiral array, their 
interaction is manifested as chiral exciton coupling: the CD spectrum shows a bisignate couplet matched with the 
spectral position of the corresponding absorption band, whose sign is determined by the absolute sense of twist 
between the two dipoles. According to the exciton chirality rule, a positive twist corresponds to a positive long- 
wavelength CE and a negative CE at shorter wavelength, and vice versa. In our case, the direction of the transition 
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dipole moment is known; it is polarized along the long axis of the polyene chain. Thus, the neighboring meso- 
carotenoid molecules are arranged in such a manner that their long axes form a positive (clockwise) intermolecular 
overlay angle. Chiral arrangements of two conjugated chains shown in FIG. 1 1 satisfy the former condition; in 
these cases, a long- wavelength positive and a short wavelength negative band would appear in the CD spectrum. 
However, the spectroscopic behavior of the absorption band helps to differentiate between these spatial 
arrangements. Due to unfavourable Coulombic interactions between the transition dipole moments of neighbouring 
mesocarotenoid molecules in the case of a and b (FIG. 11), the absorption maximum shifts to higher energies; if 
the c form exists, then the absorption band widens and its maximum shifts to lower energies. Consequently, dAST 
molecules form a right-handed chiral array in which the long axes of mejo-carotenoid monomers form an acute, 
positive angle (FIG. 11, a and b). 

The following scenario is proposed for the origin of the chiral ordering of the ligand molecules. Albumin 
appears necessary for the induced optical activity and, at first, it is tempting to assume that there is a large binding 
site on HS A able to accommodate two raesocarotenoid molecules. At low L/P values albumin would bind only a 
single ligand; at higher L/P concentrations, a second roesc-carotenoid monomer would be complexed. As stated 
above, however, the magnitudes of CEs continue to increase at quite high L/P values (FIG. 10), in which case a 
single binding site should already be saturated. One resolution to this issue assumes that HSA is an asymmetric 
template on which the chiral self-assembly is started. The first few meso-carotenoid molecules bind to HSA in 
right-handed arrangement, and subsequent meso-carotenoid monomers build upon this chiral architecture. In this 
scenario, HSA provides the first essential step, the chiral initiation ("chiral seeding"); after this the self-assembly 
continues automatically. It is very important to note, however, that without their chiral end-groups only a few dAST 
molecules would be held in right-handed arrangement at the binding site of HSA. The 3 and 3' chiral centers play a 
decisive role in allowing the aggregates to form the chiral self-assembly on the HSA molecules. In the absence of 
protein, the meso-carotenoid molecules form right- and left-handed assemblies to an equal extent, due to the lack of 
chiral discrimination. 

As listed above, the spectral differences between the CD curves measured in phosphate buffer and Ringer 
solutions suggested the influence of the salt concentration on the stability of the aggregates (FIG. 9 and FIG. 10). 
The osmolarity and ionic strength of the Ringer buffer was higher than that of phosphate buffer. The succinic 
moieties were ionized at pH 7.4 in both buffer solutions and electrostatic repulsion arose both within and among the 
aggregates. Positively-charged salt ions are able to decrease this repulsion, and therefore contribute to an increasing 
stability and size of the aggregates in the presence of these cations. During the titration of HSA with dAST above 
the 1 : 1 L/P ratio, both chiral and achiral aggregates were simultaneously formed; however, only chiral aggregates 
were associated with HSA, while achiral aggregates were not. CD spectra obtained in Ringer buffer solution (FIG. 
9) suggested that the achiral aggregates were better stabilized in this higher osmolarity buffer due to the screening 
effect of the salt ions. The added ligand molecules preferentially associated with existing aggregates, which resulted 
in the amplitudes of the CD bands reaching a plateau and becoming constant in contrast with the phosphate buffer. 

Fluorescence quenching of HSA upon addition of dAST 

The single tryptophan residue (Trp214) located in the depth of subdomain IIA is largely responsible for the 
intrinsic fluorescence of HSA. The fluorescence emission spectrum of HSA overlaps with the absorption spectrum 
of the //zeso-carotenoid. Therefore, fluorescence spectroscopic measurements were obtained after incremental 
addition of dAST in DMSO to a solution of HSA. The results clearly demonstrated that the mew-carotenoid 
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molecules were able to effectively quench the intrinsic fluorescence of HSA (FIG. 12). The DMSO used to prepare 
the stock solution of dAST exhibited a negligible effect on the intrinsic HSA fluorescence (FIG. 12). At an L/P 
ratio of 0.7, the baseline fluorescence intensity decreased by 50%. The observed phenomenon suggested that a 
meso-carotenoid molecule was bound in the vicinity of Trp214, which forms part of the wall in one of the two main 
binding cavities of HSA (site I, subdomain IIA; FIG. 13). However, neither site I nor site II (subdomain IIIA) — 
both hydrophobic fatty acid binding tunnels— are capable of accommodating the long, rigid dAST molecule (FIG. 
13). Based on structural similarity, a second possibility is that dAST binds to other long-chain (CI 8, C20) fatty 
acid binding sites of HSA, which have been well-characterized by high resolution X-ray crystallography. In the 
case of shorter, open-chain carotenoids having no bulky end-groups, this possibility may be likely. However, the 
polyene chain of the meso-carotenoid derivative itself measures 28 A (between the 3 and 3' chiral carbon atoms). 
Despite their conformational mobility, the succinate moieties require additional space, increasing the effective 
length of the molecule to 48 A. Careful inspection of the crystal structure of HSA suggests that the long, narrow 
cleft between domains I and III may be suitable for the binding of a m^o-carotenoid molecule (FIG. 13). The 
interdomain cleft is wide, and its narrow end is close to the tryptophan (Trp214; * on FIG. 13) residue which would 
provide a structural explanation for the observed fluorescence quenching upon binding of the /neso-carotenoid 
molecule to the interdomain cleft of HSA. Furthermore, it may be assumed that association of additional dAST 
molecules to the single one in the interdomain cleft induces significant conformational changes of HSA resulting in 
the widening of the central crevice. This might be the reason why the fluorescence quenching did not stop at an L/P 
= 1 ratio but keeps on strengthening as the CEs increase (FIG. 13). 

Discussion of UV/Vis and CD Spectroscopy Results 

As a consequence of exclusion from the aqueous environment and intermolecular hydrogen bonding, the 
disodium salt disuccinate derivative of synthetic, achiral meso-astaxanthin formed optically inactive, card-pack type 
aggregates in aqueous buffer solutions, as indicated by the large blue-shift of the main visible absorption band 
versus the band observed in ethanolic solution. In the presence of an excess of fatty acid-free HSA, the meso- 
carotenoid appears to be preferentially associated with HSA in monomeric fashion. These results suggest that the 
weak van der Waal's forces and hydrogen bonding that permits supramolecular assembly in aqueous solution will 
be rapidly overcome in a biologically relevant environment. The concentration of albumin in human blood in vivo 
is approximately 0.6 mM, suggesting that at doses of up to 500 mg, the meso-carotenoid (molecular weight 841 Da) 
will associate with the albumin in monomeric fashion (excluding additional potential non-specific binding to 
circulating blood cells and lipoproteins, which would increase the potential non-aggregating dose). Bound meso- 
carotenoid molecules exhibited induced CD bands which were adequately explained by a right-handed helical 
conformation of the conjugated system. Graded fluorescence quenching of HSA in the presence of increasing 
concentrations of dAST reinforced the notion that formation of carotenoid- albumin complexes were responsible for 
this quenching, and suggested spatial proximity between the bound ligand and the tryptophan 214 residue of HSA. 
Based on the spectroscopic data, the molecular length of the dAST molecule, and the well-characterized crystal 
structure of HSA, the binding site was tentatively assigned to the interdomain cleft located between domains I and 
III. 

There appears to be a positive-negative band pair in the CD spectrum above 1 : 1 L/P ratio of meso- 
carotenoid to HSA. This finding was attributed to intermolacular chiral exciton coupling between mejo-carotenoid 
polyene chains arranged in right-handed assembly. The experimental data suggested that HSA acts as a chiral 
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template on which the self-assembly begins, and subsequently continues governed by the chirality of the end-groups 
of the meso-carotenoid molecules. The differences between bisignate CD spectra obtained in pH 7.4 phosphate 
buffer and Ringer solutions indicate that the self-assembly is influenced by the osmolarity and ionic strength of the 
solution. With increasing osmolarity, the stability of the aggregates is enhanced presumably due to the electrostatic 
screening of the negatively-charged succinic carboxylate functions by salt cations. 

Further modifications and alternative embodiments of various aspects of the invention will be apparent to those 
skilled in the art in view of this description. Accordingly, this description is to be construed as illustrative only and 
is for the purpose of teaching those skilled in the art the general manner of carrying out the invention. It is to be 
understood that the forms of the invention shown and described herein are to be taken as the presently preferred 
embodiments. Elements and materials may be substituted for those illustrated and described herein, parts and 
processes may be reversed, and certain features of the invention may be utilized independently, all as would be 
apparent to one skilled in the art after having the benefit of this description of the invention. Changes may be made 
in the elements described herein without departing from the spirit and scope of the invention as described in the 
following claims. 
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1 . A chemical compound comprising a carotenoid derivative having the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R is independently hydrogen or methyl; 

where R 1 and R 2 are independently an acyclic alkene comprising at least one substituent or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 

2. The compound of claim 1, wherein each of the substituents -W independently comprises — XR, wherein 
each X independently comprises O, N, or S. 

3. The compound of claim 1, wherein each of the substituents — W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

4. The compound of claim 1, wherein the carotenoid derivative is at least partially water soluble. 

5. The compound of claim 1, wherein the substituent is at least partially hydrophilic. 

6. The compound of claim 1, wherein the cyclic ring further comprises at least one chiral center. 

7. The compound of claim 1, wherein the substituent increases the water solubility of the compound. 

8. The compound of claim 1, wherein the cyclic ring further comprises at least one degree of unsaturation. 

9. The compound of claim 1, wherein each cyclic ring is independently 

O 






, or 



10. The compound of claim 1, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

11. The compound of claim 1, wherein each substituent is independently 
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OH 




O 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 /* -alkyl-C0 2 , -aromatic-C0 2 \ -amino acid-NH 3 + , ~ 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

12. The compound of claim 1, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 



13. The compound of claim 1, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

14. The compound of claim 1, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NRV, -aromatic-NR 1 ^, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

15. The compound of claim 1, wherein the carotenoid derivative having the structure 




O O ' 

where each R is independently -alkyl-NRV, -aromatic-NR^" 4 ", -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

16. The compound of claim 1, wherein the carotenoid derivative having the structure 
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X 



where each X is independently -alkyl-NR 1 /, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

17. The compound of claim 1, wherein the carotenoid derivative having the structure 

O 




O 



where each X is independently -alkyl-NR 1 /, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

18. The compound of claim 1, wherein the carotenoid derivative having the structure 




19. The compound of claim 1, wherein the carotenoid derivative having the structure 




20. The compound of claim 1, wherein the carotenoid derivative having the structure 




21 . The compound of claim 1 , wherein the carotenoid derivative having the structure 



82 



WO 2004/011423 




PCT/US2003/023706 
O O 

°Y^ A OH 
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22. The compound of claim 1, wherein the carotenoid derivative having the structure 

O O 



Na + -O. 




O- Na + 



23. The compound of claim 1, wherein the carotenoid derivative having the structure 

O OH 

» - w ■ ■ , T Yi> 

HO V 



OH 




OH 



24. The compound of claim 1, wherein the carotenoid derivative having the structure 

O OH 




25. The compound of claim 1, wherein the carotenoid derivative having the structure 
HQ O 




OH 



26. The compound of claim 1, wherein the carotenoid derivative having the structure 
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ONa+ 



27. The compound of claim 1, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



28. 



The compound of claim 1, wherein the carotenoid derivative having the structure 

O 



O 





o 



o 




29. The compound of claim 1, wherein the carotenoid derivative having the structure 

O 



O 
ii 

MeO^ P * 
MeO 




30. The compound of claim 1, wherein the carotenoid derivative having the structure 



HO 




O 



31. The compound of claim 1, wherein the carotenoid derivative having the structure 



HO 




OH 
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32. The compound of claim 1, wherein the carotenoid derivative having the structure 

O 




34. The compound of claim 1, wherein the carotenoid derivative having the structure 

O 




O 



35. The compound of claim 1, wherein the carotenoid derivative having the structure 



o 




36. The compound of claim 1, wherein the carotenoid derivative having the structure 




37. The compound of claim 1, wherein the carotenoid derivative having the structure 




o 



38. The compound of claim 1, wherein the carotenoid derivative having the structure 
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OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 
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OH O 



O OH 



OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 



OH OH 



ho-~yS^ 0 Y"^ 0 ' 



OH OH O 




The compound of claim 1, wherein the carotenoid derivative having the structure 



OH OH 



OH OH 



ho^yS^ 0 y^^° 



OH OH O 




OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 




OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 




The compound of claim 1, wherein the carotenoid derivative having the structure 



OH OH O 



OH OH 




OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 



86 



WO 2004/011423 



PCT/US2003/023706 




The compound of claim 1, wherein the carotenoid derivative having the structure 




The compound of claim 1, wherein the carotenoid derivative having the structure 
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OH OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 
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The compound of claim 1, wherein the carotenoid derivative having the structure 
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The compound of claim 1, wherein the carotenoid derivative having the structure 
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OH 



The compound of claim 1, wherein the carotenoid derivative having the structure 
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52. The compound of claim 1 , wherein the carotenoid derivative having the structure 




OH 



53. The compound of claim 1, wherein the carotenoid derivative having the structure 



OH 




54. A chemical compound comprising a carotenoid derivative having the structure 



Y 




where each Y is independently O or H 2 ; 
where each R is independently OR 1 or R 1 ; 

where each R 1 is independently -alkyl-NR 2 3 + , -aromatic-NR 2 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid- 
NH 3 + , -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 2 is independently H, alkyl, or aryl. 

55. The compound of claim 54, wherein the carotenoid derivative is at least partially water soluble. 

56. The compound of claim 54, wherein the cyclic ring further comprises at least one chiral center. 

57. The compound of claim 54, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

58. The compound of claim 54, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

59. The compound of claim 54, wherein the carotenoid derivative having the structure 
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O 




where each R is independently -alkyl-NR 1 ^, -aromatic-NR 1 ^, -alkyl-C0 2 ~, -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

60. The compound of claim 54, wherein the carotenoid derivative having the structure 




O 



where each R is independently -alkyl-NR 1 ^ -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

61. The compound of claim 54, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NR 1 3 + , -aromatic-NR 1 /, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

62. The compound of claim 54, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR^ 4 ", -aromatic-NR 1 3 + , -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

63. The compound of claim 54, wherein the carotenoid derivative having the structure 
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N 

H HCI 



V-NH HCI 




64. The compound of claim 54, wherein the carotenoid derivative having the structure 




65. The compound of claim 1, wherein the carotenoid derivative having the structure 




O^OH 

I] 

o 



66. The compound of claim 54, wherein the carotenoid derivative having the structure 

O 




OH 



67. The compound of claim 54, wherein the carotenoid derivative having the structure 

O 



Na + -0 




O 



O 




O- Na + 



68. The compound of claim 54, wherein the carotenoid derivative having the structure 

O OH 

.O. 

HO OH 




OH 
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69. The compound of claim 54, wherein the carotenoid derivative having the structure 



O OH 




OH O 



70. The compound of claim 54, wherein the carotenoid derivative having the structure 




73. The compound of claim 54, wherein the carotenoid derivative having the structure 



O O 




O O 



74. The compound of claim 54, wherein the carotenoid derivative having the structure 
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O 
ii 

MeO 




75. The compound of claim 54, wherein the carotenoid derivative having the structure 



HO 




76. The compound of claim 54, wherein the carotenoid derivative having the structure 



HO 




OH 



77. The compound of claim 54, wherein the carotenoid derivative having the structure 



HO 




OH 



78. The compound of claim 54, wherein the carotenoid derivative having the structure 



o HC V° o 



HO 





OH 



79. The compound of claim 54, wherein the carotenoid derivative having the structure 

O 



HO 




OH 
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The compound of claim 54, wherein the carotenoid derivative having the structure 

o 



JXx 




OH 



The compound of claim 54, wherein the carotenoid derivative having the structure 




OH 



The compound of claim 54, wherein the carotenoid derivative having the structure 




OH 



The compound of claim 54, wherein the carotenoid derivative having the structure 



k H 5 




The compound of claim 54, wherein the carotenoid derivative having the structure 



HO. 




OH 



The compound of claim 54, wherein the carotenoid derivative having the structure 




OH OH O 

,o 



The compound of claim 54, wherein the carotenoid derivative having the structure 

O O OH OH 



on oh 




OH OH O 




OH OH 



The compound of claim 54, wherein the carotenoid derivative having the structure 
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The compound of claim 54, wherein the carotenoid derivative having the structure 




OH OH O 



The compound of claim 54, wherein the carotenoid derivative having the structure 



o 




o 



The compound of claim 54, wherein the carotenoid derivative having the structure 

o o 

v I i VyV^ 08 



The compound of claim 54, wherein the carotenoid derivative having the structure 




The compound of claim 54, wherein the carotenoid derivative having the structure 




The compound of claim 54, wherein the carotenoid derivative having the structure 
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OH 



95. The compound of claim 54, wherein the carotenoid derivative having the structure 




96. The compound of claim 54, wherein the carotenoid derivative having the structure 



OH 




97. A chemical compound comprising a carotenoid derivative having the structure 



Y 




Y 



where each Y is independently O or H 2 ; 
where each R is independently OR 1 or R 1 ; 

where each R 1 is independently -alkyl-NR 2 3 + , -aromatic-NR 2 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid- 
NH 3 + , -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 2 is independently H, alkyl, or aryl. 

98. The compound of claim 97, wherein the carotenoid derivative is at least partially water soluble. 

99. The compound of claim 97, wherein Y is H 2 , the carotenoid derivative having the structure 



95 



WO 2004/011423 PCT/US2003/023706 




100. The compound of claim 97, wherein Y is O, the carotenoid derivative having the structure 



O 




O 



101 . The compound of claim 97, wherein the carotenoid derivative further comprises at least one chiral center. 

102. A chemical compound comprising a carotenoid derivative having the structure 




O Y 



where each Y is independently O or H 2 ; 
where each R is independently H, alkyl, or aryl. 

103. The compound of claim 102, wherein the carotenoid derivative is at least partially water soluble. 

104. The compound of claim 102, wherein Y is H 2 , the carotenoid derivative having the structure 



O 




105. The compound of claim 102, wherein Y is O, the carotenoid derivative having the structure 




O O 



106. The compound of claim 102, wherein the carotenoid derivative further comprises at least one chiral center. 
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A chemical compound comprising a carotenoid derivative having the structure 



Y 




Y 



where each Y is independently O or H 2 ; 

where R' is CH 2 ; 

where n is 1 to 9; 

where each X is independently 

OH 

O O ii ii 

%JL %K - R V^OH h^OH % X A ^OH 

^R,K^O , O- , O- ,or K^QT ; 

where each R is independently -alkyl-NR^*, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid- 
NH 3 + , -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 1 is independently H, alkyl, or aryl. 

The compound of claim 107, wherein the carotenoid derivative is at least partially water soluble. 



The compound of claim 107, wherein Y is H 2 , the carotenoid derivative having the structure 




The compound of claim 107, wherein Y is O, the carotenoid derivative having the structure 



O 




O 



The compound of claim 107, wherein the carotenoid derivative further comprises at least one chiral center. 
A chemical compound comprising a carotenoid derivative having the structure 
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11 
O 



where each Y is independently O or H 2 . 



1 13. The compound of claim 111, wherein the carotenoid derivative is at least partially water soluble. 



1 14. The compound of claim 111, wherein Y is H 2 , the carotenoid derivative having the structure 



O" 




O^OH 

n 

o 



115. The compound of claim 111, wherein Y is O, the carotenoid derivative having the structure 




o- 



O^OH 

II 

o 



116. The compound of claim 111, wherein the carotenoid derivative further comprises at least one chiral center. 

1 17. A pharmaceutical composition comprising a carotenoid derivative having the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 1 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently an acyclic alkene comprising at least one substituent or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 



-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 



118. The composition of claim 1 17, wherein each of the substituents -W independently comprises -XR, 
wherein each X independently comprises O, N, or S. 



98 



WO 2004/011423 



PCT/US2003/023706 



119. The composition of claim 1 17, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

120. The composition of claim 1 17, wherein the carotenoid derivative is at least partially water soluble. 

121 . The composition of claim 117, wherein the substituent is at least partially hydrophilic. 

122. The composition of claim 1 17, wherein the cyclic ring further comprises at least one chiral center. 

123. The composition of claim 1 17, further comprising human serum albumin. 

124. The composition of claim 123, wherein human serum albumin is in molar excess of the carotenoid 
derivative. 



125. 



The composition of claim 1 17, wherein the cyclic ring further comprises at least one degree of 
unsaturation. 



126. 



The composition of claim 117, wherein each cyclic ring is independently 
O 





,or 




127. 



The composition of claim 117, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, 
a phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



128. The composition of claim 1 17, wherein each substituent is independently 

*J? ,>w|°- v^-v^ tXk^ * 0 l°" 




OH 




o o / \ 




OH 



O 



HO 



NH 2 HC1 



NH 3 + 




NH 2 HCI 
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OH 



HOv^k/OH 



O O >=/ ^0^0"Sr°^R 

HO \ HO \ HO \ II 



O 

OH , H ° OH , 



^J-o- . Ao xj*(" - x r 

O' , H , HO OH , 




OH , O 



OH 

\°Y^tSr OH 

° 0*N)H° . 




o 




OH , 



, ~ OMe 

U It 

o 



OH, 



O 




MeO OMe, 



OMe , O^OH 



^ B-OMe 



OH 



SH 




o o r "„ o 

JUL 



HO A 1 ^A N A r N^A o \ c 

qV, NH 2 H O 



OH OH 



OH O O OH OH f ? 

O OH . O OH OH O 



O OH 
OH OH 



HO 




OH OH 



HO 



OH OH 



HQ OH 




O 

OH OH 

o\ 

OH OH 
OH 




HO 




>p O O 



, or 



o 



where each R is independently -alkyl-NRV, -aromatic-NR^ 4 ", -alkyl-C0 2 ', -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



1 + 



129. The composition of claim 1 17, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 
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130. The composition of claim 1 17, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

131. The composition of claim 1 17, further comprising a second carotenoid derivative in combination with the 
carotenoid derivative. 

132. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NR^* 1 ", -aromatic-NR^* -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

133. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



O O 




O 



where each R is independently -alkyl-NR^ 4 *, -aromatic-NR^, -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

134. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NRV, -aromatic-NRV* -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

135. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



O 




o 
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where each X is independently -alkyl-NRV. -aromatic-NRV, -aikyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 \ - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 5 is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



136. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



V-NH HCl O 





N 

H HCl 



137. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




138. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




139. The composition of claim 1 17, wherein the carotenoid derivative having the structure 

O 




140. The composition of claim 1 17, wherein the carotenoid derivative having the structure 

O 

.O 



O 



Na + -O 





Cr Na + 



O 



141 . The composition of claim 117, wherein the carotenoid derivative having the structure 
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O OH 




OH O 



142. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



O OH 




OH O 



143. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




144. The composition of claim 1 17, wherein the carotenoid derivative having the structure 
+Na-Q D 




146. The composition of claim 1 17, wherein the carotenoid derivative having the structure 
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o o 




148. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




o 



149. The composition of claim 117, wherein the carotenoid derivative having the structure 




150. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



O 




O 
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152. The composition of claim 1 17, wherein the carotenoid derivative having the structure 

O 



o ^ o 



HO 





o .^k o 

OH 



OH 



153. The composition of claim 1 17, wherein the carotenoid derivative having the structure 

o 




154. The composition of claim 117, wherein the carotenoid derivative having the structure 

o 



OH 




155. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




156. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



HO' 




SH 



NH, 





157. The composition of claim 117, wherein the carotenoid derivative having the structure 



OH 0 



HO- 



OH O 
O OH 




OH 



158. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




OH OH O 
.0 



159. The composition of claim 1 17, wherein the carotenoid derivative having the structure 
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160. The composition of claim 117, wherein the carotenoid derivative having the structure 




162. The composition of claim 1 17, wherein the carotenoid derivative having the structure ' 




OH OH O 



163. The composition of claim 1 17, wherein the carotenoid derivative having the structure 



o 




o 



164. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




165. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




166. The composition of claim 1 17, wherein the carotenoid derivative having the structure 
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167. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




168. The composition of claim 1 17, wherein the carotenoid derivative having the structure 




169. The composition of claim 1 17, wherein the carotenoid derivative having the structure 

OH 




OH 



170. The composition of claim 117, wherein the carotenoid derivative having the structure 
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172. A pharmaceutical composition, comprising: 
a carotenoid derivative having the structure 

R 3 B 3 B 3 R 3 

R 2 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently an acyclic alkene comprising at least one substituent or a 
cyclic ring comprising at least one substituent, wherein the cyclic ring having general structure: 

-W 





n 



where n is 4 to 10 carbon atoms; and 
where W is the substituent; and 
human serum albumin, wherein human serum albumin is in a molar excess to that of the carotenoid 
derivative. 



173. The composition of claim 172, wherein each of the substituents -W independently comprises -XR, 
wherein each X independently comprises O, N, or S. 

174. The composition of claim 172, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

175. The composition of claim 172, wherein the carotenoid derivative is at least partially water soluble. 

176. The composition of claim 172, wherein the substituent is at least partially hydrophilic. 

177. The composition of claim 172, wherein the cyclic ring further comprises at least one chiral center. 

178. The composition of claim 172, further comprising human serum albumin. 

179. The composition of claim 172, wherein human serum albumin is in molar excess of the carotenoid 
derivative. 



180. The composition of claim 172, wherein the cyclic ring further comprises at least one degree of 
unsaturation. 



181. The composition of claim 172, wherein each cyclic ring is independently 
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O 




The composition of claim 172, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, 
a phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



183. The composition of claim 172, wherein each substituent is independently 




o 

N , o 



OH 




H 2 N 




OH 



o 



o 



NH 2 HCI 



° V / 1 J 



OH 




NH 2 HCI, 
OH 




O OH OH OH ? H 

/ ^s° J x r *W ss, 

O » H , HO OH , 




OH 



OH , O 




o 



. ^ OH 

o ^k. o 

O^^OH 




o 

P-OMe 



OMe 
O 



o ^k. o 

O^OH 



O 



SH 




HO 

OX, NH 2 




N 
H 
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N 



O 



o 



? H ft O OH OH C "O 

O OH . O OTT OTT O 
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O OH 
OH OH 



OH OH O 



OH OH 



HO 
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O 
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OH OH 




O 



OH OH 
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OH 




O 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 /, -alkyl-C0 2 ~, -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryL 

184. The composition of claim 172, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

185. The composition of claim 172, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

186. The composition of claim 172, further comprising a second carotenoid derivative in combination with the 
carotenoid derivative. 

187. The composition of claim 172, wherein the carotenoid derivative having the structure 




where each R is independently -alkyl-NR 1 3 + , -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

188. The composition of claim 172, wherein the carotenoid derivative having the structure 




O O 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 3 + , -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 
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189. The composition of claim 172, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NR 1 /, -aromatic-NRV, -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

190. The composition of claim 172, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR 1 /, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

191. The composition of claim 172, wherein the carotenoid derivative having the structure 




192. The composition of claim 172, wherein the carotenoid derivative having the structure 




193. The composition of claim 172, wherein the carotenoid derivative having the structure 
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194. The composition of claim 172, wherein the carotenoid derivative having the structure 



O O 




O O 



195. The composition of claim 172, wherein the carotenoid derivative having the structure 



O O 




196. The composition of claim 172, wherein the carotenoid derivative having the structure 



O OH 




OH O 



197. The composition of claim 172, wherein the carotenoid derivative having the structure 



O OH 




OH O 



198. The composition of claim 172, wherein the carotenoid derivative having the structure 




199. The composition of claim 172, wherein the carotenoid derivative having the structure 
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0-Na+ 



200. The composition of claim 172, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



201. The composition of claim 172, wherein the carotenoid derivative having the structure 




202. The composition of claim 172, wherein the carotenoid derivative having the structure 



O 
ii 

MeO^ 
MeO 




OMe 



OMe 



203. The composition of claim 172, wherein the carotenoid derivative having the structure 



HO 




204. The composition of claim 172, wherein the carotenoid derivative having the structure 



HO 




OH 
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205. The composition of claim 172, wherein the carotenoid derivative having the structure 



O 




O 



207. The composition of claim 172, wherein the carotenoid derivative having the structure 



O 




O 



208. The composition of claim 172, wherein the carotenoid derivative having the structure 




209. The composition of claim 172, wherein the carotenoid derivative having the structure 




210. The composition of claim 172, wherein the carotenoid derivative having the structure 




o 
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The composition of claim 172, wherein the carotenoid derivative having the structure 



o 



HO 




NH 7 



^SH 




OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 

OH O 

,,^>,.. Xs. >^ ^ 

OH O 
O OH 




O OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 



OH OH 



OH OH O O 




OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 



H OH 



HO 




OH OH O 




OH 



OH OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 

o 




The composition of claim 172, wherein the carotenoid derivative having the structure 




The composition of claim 172, wherein the carotenoid derivative having the structure 




OH OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 
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OH OH 



The composition of claim 172, wherein the carotenoid derivative having the structure 




The composition of claim 172, wherein the carotenoid derivative having the structure 




The composition of claim 172, wherein the carotenoid derivative having the structure 




OH 



116 



WO 2004/011423 



PCT/US2003/023706 



225. The composition of claim 172, wherein the carotenoid derivative having the structure 




226. The composition of claim 172, wherein the carotenoid derivative having the structure 




OH 



227. 



A method of synthesizing a chemical compound comprising a carotenoid derivative having the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R3 r3 R 3 

R 3 R 3 R 3 R 3 R 3 R 3 R3 £3 

where each R is independently hydrogen or methyl; 

where R 1 and R 2 are independently an acyclic alkene comprising at least one substituent or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 



-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent; 

reacting a carotenoid with a precursor of the substituent, wherein the carotenoid has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 1 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R3 
where each R 3 is independently hydrogen or methyl; and 

12* 

where R and R~ are independently an acyclic alkene comprising at least one alcohol or a cyclic ring 
comprising at least one alcohol, wherein the cyclic ring having general structure: 





where n is 4 to 10 carbon atoms; and 
where W is the alcohol. 
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228. The method of claim 227, wherein each of the substituents — W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

229. The method of claim 227, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

230. The method of claim 227, wherein the carotenoid derivative is at least partially water soluble. 

231. The method of claim 227, wherein the substituent is at least partially hydrophilic. 

232. The method of claim 227, wherein the cyclic ring further comprises at least one chiral center. 

233. The method of claim 227, wherein the carotenoid derivative is a single stereoisomer. 

234. The method of claim 227, wherein the carotenoid derivative is a single geometric isomer. 

235. The method of claim 227, wherein the carotenoid is a single stereoisomer. 

236. The method of claim 227, wherein the carotenoid is a single geometric isomer. 

237. The method of claim 227, wherein the substituent comprises a leaving group. 

i 

238. The method of claim 227, wherein the substituent comprises a leaving group, and wherein the chemical 
compound further comprises the leaving group. 

239. The method of claim 227, wherein the substituent comprises a leaving group, and wherein the leaving 
group is CI, Br, tosyl, brosyl, mesyl, or trifyl. 

240. The method of claim 227, further comprising deprotonating the alcohol with a non-nucleophilic base. 

241. The method of claim 227, further comprising deprotonating the alcohol with a non-nucleophilic base, 
wherein the non-nucleophilic base comprise dimethylaminopyridine. 

242. The method of claim 227, wherein the cyclic ring further comprises at least one degree of unsaturation. 

243. The method of claim 227, wherein each cyclic ring is independently 



O 




118 



WO 2004/011423 PCT/US2003/023706 
244. The method of claim 227, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



245. The method of claim 227, wherein each substituent is independently 
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OH 




O 

where each R is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

246. The method of claim 227, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

247. The method of claim 227, wherein the carotenoid derivative is astaxanthin. 

248. The method of claim 227, wherein the precursor of the substituent is succinic acid. 

249. The method of claim 227, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

250. The method of claim 227, wherein the carotenoid derivative having the structure 



O 




O 

where each R is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

251. The method of claim 227, wherein the carotenoid derivative having the structure 



O Q 




O 



120 



WO 2004/011423 PCT/US2003/023706 
where each R is independently -alkyl-NRV, -aromatic-NR 1 /, -alkyl-C0 2 , -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



252. The method of claim 227, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NR 1 /, -aromatic -NRV, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

253. The method of claim 227, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NRV, -aromatic-NRV, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

254. The method of claim 227, wherein the carotenoid derivative having the structure 




255. The method of claim 227, wherein the carotenoid derivative having the structure 




256. The method of claim 227, wherein the carotenoid derivative having the structure 
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257, The method of claim 227, wherein the carotenoid derivative having the structure 



O O 




O O 



258. The method of claim 227, wherein the carotenoid derivative having the structure 



O O 




O 



259. The method of claim 227, wherein the carotenoid derivative having the structure 



O OH 




OH O 



260. The method of claim 227, wherein the carotenoid derivative having the structure 



O OH 




OH O 



261. The method of claim 227, wherein the carotenoid derivative having the structure 
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262. The method of claim 227, wherein the carotenoid derivative having the structure 
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HO 




OH 
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263. The method of claim 227, wherein the carotenoid derivative having the structure 



NH 2 HCi 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



264. The method of claim 227, wherein the carotenoid derivative having the structure 

O 



o 





o 



265. The method of claim 227, wherein the carotenoid derivative having the structure 
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ii 

MeO^ F " 
MeO 




266. The method of claim 227, wherein the carotenoid derivative having the structure 
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267. The method of claim 227, wherein the carotenoid derivative having the structure 



HO 




OH 



268. The method of claim 227, wherein the carotenoid derivative having the structure 



HO 




OH 



269. The method of claim 227, wherein the carotenoid derivative having the structure 



o H( V° o 



HO 





OH 



270. The method of claim 227, wherein the carotenoid derivative having the structure 

O 



HO 




OH 



27 1 . The method of claim 227, wherein the carotenoid derivative having the structure 




OH 



272. The method of claim 227, wherein the carotenoid derivative having the structure 
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o 




273. The method of claim 227, wherein the carotenoid derivative having the structure 




o 



274. The method of claim 227, wherein the carotenoid derivative having the structure 




275. The method of claim 227, wherein the carotenoid derivative having the structure 



o oh o 




O OH O 



276. The method of claim 227, wherein the carotenoid derivative having the structure 




277. The method of claim 227, wherein the carotenoid derivative having the structure 




OH OH O O 



278. The method of claim 227, wherein the carotenoid derivative having the structure 




279. The method of claim 227, wherein the carotenoid derivative having the structure 
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280. The method of claim 227, wherein the carotenoid derivative having the structure 

o 

OH 



OH OH O 



28 1 . The method of claim 227, wherein the carotenoid derivative having the structure 



o 




o 



282. The method of claim 227, wherein the carotenoid derivative having the structure 




283. The method of claim 227, wherein the carotenoid derivative having the structure 

OH 

OH OH O 

284. The method of claim 227, wherein the carotenoid derivative having the structure 

o o 

°Y^ A OH 
O 

285. The method of claim 227, wherein the carotenoid derivative having the structure 




286. The method of claim 227, wherein the carotenoid derivative having the structure 
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HQ OH 
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287. The method of claim 227, wherein the carotenoid derivative having the structure 



HCL .OH 






OH 



OH 



OH 



288. The method of claim 227, wherein the carotenoid derivative having the structure 



HO. 




OH 



OH 



289. The method of claim 227, wherein the carotenoid derivative having the structure 




290. A method of treating an ischemia-rep erfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 1 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

where each R 3 is independentiy hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 
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where n is 4 to 10 carbon atoms; and 
where W is the substituent. 

291. The method of claim 290, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

292. The method of claim 290, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

293. The method of claim 290, wherein the carotenoid derivative is at least partially water soluble. 

294. The method of claim 290, wherein the substituent is at least partially hydrophilic. 

295. The method of claim 290, wherein the ischemia-reperfusion injury is associated with myocardial 
infarction, stroke, peripheral vascular disease, venous or arterial occlusion, deep venous thrombosis, organ 
transplantation, coronary artery bypass graft surgery, percutaneous transluminal coronary angioplasty, or 
cardiovascular arrest and/or death in a mammalian subject. 

296. The method of claim 290, wherein the subject is a mammal. 

297. The method of claim 290, wherein the subject is human. 

298. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

299. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

300. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

301. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

302. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 
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303. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

304. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

305. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

* 

306. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

307. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

308. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

309. The method of claim 290, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

3 10. The method of claim 290, wherein the cyclic ring further comprises at least one chiral center. 

311. The method of claim 290, wherein the cyclic ring further comprises at least one degree of unsaturation. 

312. The method of claim 290, wherein each cyclic ring is independently 

^\ , ^\ , or ^\ 

313. The method of claim 290, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

3 14. The method of claim 290, wherein each substituent is independently 
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OH 




, or 



O 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

315. The method of claim 290, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

316. The method of claim 290, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

317. The method of claim 290, wherein the carotenoid derivative having the structure 



O 




O 

where each R is independently -alkyl-NR* 3 + , -aromatic-NR^, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

318. The method of claim 290, wherein the carotenoid derivative having the structure 



O O 




O O 

where each R is independently -alkyl-NR ! 3 + , -aromatic-NR^"*", -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

319. The method of claim 290, wherein the carotenoid derivative having the structure 
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f ^ x^ -sr- ^x^ 

where each X is independently -alkyl-NRVi -aromatic-NR 1 3 + , -alkyl-C02", -aromatic-CCV, -amino acid-NH3 + , - 

i 

phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



320. The method of claim 290, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR 1 ^, -aromatic-NR^* -alkyl-C0 2 ", -aromatic-C0 2 ', -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

321. The method of claim 290, wherein the carotenoid derivative having the structure 




322. The method of claim 290, wherein the carotenoid derivative having the structure 





324. The method of claim 290, wherein the carotenoid derivative having the structure 
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325. The method of claim 290, wherein the carotenoid derivative having the structure 

O 



Na + -0 




O- Na + 



326. The method of claim 290, wherein the carotenoid derivative having the structure 

O OH 

HO 
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327. The method of claim 290, wherein the carotenoid derivative having the structure 

O OH 




328. The method of claim 290, wherein the carotenoid derivative having the structure 

HQ ,0 

// \ ° 

HO 





329. The method of claim 290, wherein the carotenoid derivative having the structure 
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OH 
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330. The method of claim 290, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



331. The method of claim 290, wherein the carotenoid derivative having the structure 

o o 




332. The method of claim 290, wherein the carotenoid derivative having the structure 
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333. The method of claim 290, wherein the carotenoid derivative having the structure 




OH 



334. The method of claim 290, wherein the carotenoid derivative having the structure 



HO 




OH 
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335. The method of claim 290, wherein the carotenoid derivative having the structure 

O 




O 



337. The method of claim 290, wherein the carotenoid derivative having the structure 

O 




O 



338. The method of claim 290, wherein the carotenoid derivative having the structure 




339. The method of claim 290, wherein the carotenoid derivative having the structure 



o 




340. The method of claim 290, wherein the carotenoid derivative having the structure 




341 . The method of claim 290, wherein the carotenoid derivative having the structure 
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The method of claim 290, wherein the carotenoid derivative having the structure 
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OH 



The method of claim 290, wherein the carotenoid derivative having the structure 



OH OH 



OH OH O 




The method of claim 290, wherein the carotenoid derivative having the structure 



OH OH 




OH OH 



The method of claim 290, wherein the carotenoid derivative having the structure 




OH 



The method of claim 290, wherein the carotenoid derivative having the structure 




The method of claim 290, wherein the carotenoid derivative having the structure 
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OH OH 



The method of claim 290, wherein the carotenoid derivative having the structure 
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The method of claim 290, wherein the carotenoid derivative having the structure 




The method of claim 290, wherein the carotenoid derivative having the structure 




OH OH 



The method of claim 290, wherein the carotenoid derivative having the structure 




The method of claim 290, wherein the carotenoid derivative having the structure 




The method of claim 290, wherein the carotenoid derivative having the structure 




The method of claim 290, wherein the carotenoid derivative having the structure 

OH 
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355. The method of claim 290, wherein the carotenoid derivative having the structure 




356. The method of claim 290, wherein the carotenoid derivative having the structure 



OH 




357. A method of treating an ischemia-reperfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

Y 




R 



Y 



where each Y is independently O or H 2 ; 
where each R is independently OR 1 or R 1 ; 

where each R 1 is independently -alkyl-NR 2 3 + , -aromatic-NR 2 3 + , -alkyl-C0 2 , -aromatic-C0 2 ", -amino acid- 
NH3* 1 ", -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R is independently H, alkyl, or aryl. 

358. The method of claim 357, wherein the carotenoid derivative is at least partially water soluble. 

359. The method of claim 357, wherein Y is H 2 , the carotenoid derivative having the structure 




360. The method of claim 357, wherein Y is O, the carotenoid derivative having the structure 



138 
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361 . The method of claim 357, wherein the carotenoid derivative further comprises at least one chiral center. 

362. A method of treating an ischemia-reperfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 

wherein the carotenoid derivative has the structure 

Y O 




Y 



where each Y is independently O or H 2 ; 
where each R is independently H, alkyl, or aryL 

363. The method of claim 362, wherein the carotenoid derivative is at least partially water soluble. 

364. The method of claim 362, wherein Y is H 2 , the carotenoid derivative having the structure 



O 




O 



365. The method of claim 362, wherein Y is O, the carotenoid derivative having the structure 




O O 



366. The method of claim 362, wherein the carotenoid derivative further comprises at least one chiral center. 

367. A method of treating an ischemia-reperfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 

wherein the carotenoid derivative has the structure 
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Y 




Y 



where each Y is independently O or H 2 ; 

where R' is CH 2 ; 

where n is 1 to 9; 

where each X is independently 

OH 

O O " m *Y I 

'V^R/W , O- , O- ,or A^O ; 

where each R is independently -alkyl-NR 1 3 + , -aromatic-NR 1 3 + , -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid- 
NH 3 + , -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 1 is independently H, alkyl, or aryl. 

368. The method of claim 367, wherein the carotenoid derivative is at least partially water soluble. 



369. The method of claim 367, wherein Y is H 2 , the carotenoid derivative having the structure 




370. The method of claim 367, wherein Y is O, the carotenoid derivative having the structure 



O 




O 



371. The method of claim 367, wherein the carotenoid derivative further comprises at least one chiral center. 

372. A method of treating an ischemia-reperfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 

wherein the carotenoid derivative has the structure 
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II 

o 



where each Y is independently O or H 2 . 



373. The method of claim 372, wherein the carotenoid derivative is at least partially water soluble. 



374. The method of claim 372, wherein Y is H 2 , the carotenoid derivative having the structure 




M 
O 



375. The method of claim 372, wherein Y is O, the carotenoid derivative having the structure 

O 




n 
O 



376. The method of claim 372, wherein the carotenoid derivative further comprises at least one chiral center. 



377. A method of treating an ischemia-reperfusion injury with a chemical composition comprising a carotenoid 
derivative, comprising intracoronary administration of the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

i i i i i 

Ft 1 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 

-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 
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378. The method of claim 377 , wherein each of the substituents -W independently c\*mp?i#s33C m^MW T* n 
each X independently comprises O, N, or S. 

379. The method of claim 377, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

380. The method of claim 377, wherein the carotenoid derivative is at least partially water soluble. 

381. The method of claim 377, wherein the substituent is at least partially hydrophilic. 

382. The method of claim 377, wherein the isehemia-reperfusion injury is associated with myocardial 
infarction, stroke, peripheral vascular disease, venous or arterial occlusion, deep venous thrombosis, organ 
transplantation, coronary artery bypass graft surgery, percutaneous transluminal coronary angioplasty, or 
cardiovascular arrest and/or death in a mammalian subject. 

383. The method of claim 377, wherein the subject is a mammal. 

384. The method of claim 377, wherein the subject is human. 

385. The method of claim 377, wherein intracoronary administration of the carotenoid derivative to a subject 
comprises a dose of about 5 mg to 300 mg per day. 

386. The method of claim 377, wherein intracoronary administration of the carotenoid derivative to a subject 
comprises a dose of about 0.25 mg to 1.0 g per day. 

387. The method of claim 377, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

388. The method of claim 377, wherein the cyclic ring further comprises at least one chiral center. 

389. The method of claim 377, wherein the cyclic ring further comprises at least one degree of unsaturation. 

390. The method of claim 377, wherein each cyclic ring is independently 



O 




391. The method of claim 377, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 
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where each R is independently -alkyl-NR^, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



393. The method of claim 377, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 



394. The method of claim 377, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

395. The method of claim 377, wherein the carotenoid derivative having the structure 



FT 



OH 

HO^A^OH 




OH 



R 



where each R is independently -alkyl-NR 1 ^, -aromatic-NR 1 /, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



396. The method of claim 377, wherein the carotenoid derivative having the structure 

O 

OH 

HO^A^OH 

Til IT ^ ~ ^ - ^ ^x^ ho- y "oh 

^1 ° O^N^\ ' ' OH 

o o 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 ^, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 




^Y^OH 



397. The method of claim 377, wherein the carotenoid derivative having the structure 
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where each X is independently -alkyl-NR 1 /, -aromatic-NRy, -alkyl-C0 2 % -aromatic-C0 2 -, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



The method of claim 377, wherein the carotenoid derivative having the structure 



O 




where each X is independently -alkyl-NR 1 ^, -aromatic-NR 1 ^, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

399. The method of claim 377, wherein the carotenoid derivative having the structure 




The method of claim 377, wherein the carotenoid derivative having the structure 




The method of claim 377, wherein the carotenoid derivative having the structure 




402. The method of claim 377, wherein the carotenoid derivative having the structure 
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o o 




o o 



403. The method of claim 377, wherein the carotenoid derivative having the structure 



O O 




O O 



404. The method of claim 377, wherein the carotenoid derivative having the structure 



O OH 




OH O 



405. The method of claim 377, wherein the carotenoid derivative having the structure 



O OH 




OH O 



406. The method of claim 377, wherein the carotenoid derivative having the structure 




407. The method of claim 377, wherein the carotenoid derivative having the structure 
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409. The method of claim 377, wherein the carotenoid derivative having the structure 

O O 




411. The method of claim 377, wherein the carotenoid derivative having the structure 




412. The method of claim 377, wherein the carotenoid derivative having the structure 




O 
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413. The method of claim 377, wherein the carotenoid derivative having the structure 



HO 




OH 



414. The method of claim 377, wherein the carotenoid derivative having the structure 



HO 




OH 



415. The method of claim 377, wherein the carotenoid derivative having the structure 



^OH 



XXX 




OH 



416. The method of claim 377, wherein the carotenoid derivative having the structure 




OH 



417. The method of claim 377, wherein the carotenoid derivative having the structure 



OH 




OH 



418. The method of claim 377, wherein the carotenoid derivative having the structure 




419. The method of claim 377, wherein the carotenoid derivative having the structure 
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HO' 




The method of claim 377, wherein the carotenoid derivative having the structure 



O OH O 




The method of claim 377, wherein the carotenoid derivative having the structure 




The method of claim 377, wherein the carotenoid derivative having the structure 




OH OH O O 



The method of claim 377, wherein the carotenoid derivative having the structure 




The method of claim 377, wherein the carotenoid derivative having the structure 




OH OH O 



The method of claim 377, wherein the carotenoid derivative having the structure 
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o 




o 



427. The method of claim 377, wherein the carotenoid derivative having the structure 




428. The method of claim 377, wherein the carotenoid derivative having the structure 




OH OH 



429. The method of claim 377, wherein the carotenoid derivative having the structure 




430. The method of claim 377, wherein the carotenoid derivative having the structure 




431. The method of claim 377, wherein the carotenoid derivative having the structure 




432. The method of claim 377, wherein the carotenoid derivative having the structure 



OH 
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433. The method of claim 377, wherein the carotenoid derivative having the structure 




434. The method of claim 377, wherein the carotenoid derivative having the structure 




435. A method of treating a liver disease with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R3 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 ^3 
where each R is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 



-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 

436. The method of claim 435, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

437. The method of claim 435, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

438. The method of claim 435, wherein the carotenoid derivative is at least partially water soluble. 

439. The method of claim 435, wherein the substituent is at least partially hydrophilic. 
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440. The method of claim 435, wherein the liver disease is associated with Hepatitis C. 

441. The method of claim 435, wherein the subject is a mammal. 

442. The method of claim 435, wherein the subject is human. 

443. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

444. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

445. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

446. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

447. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

448. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

449. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

450. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

45 1 . The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

452. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

453. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 
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454. The method of claim 435, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

455. The method of claim 435, wherein the cyclic ring further comprises at least one chiral center. 

456. The method of claim 435, wherein the cyclic ring further comprises at least one degree of unsaturation. 

457. The method of claim 435, wherein each cyclic ring is independently 



O 




458. The method of claim 435, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



459. The method of claim 435, wherein each substituent is independently 
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, or 



where each R is independently -alkyl-NRV, -aromatic-NRS*, -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

460. The method of claim 435, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

461. The method of claim 435, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occuixing carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

462. The method of claim 435, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NR^" 1 ", -aromatic-NR 1 /, -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 
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463. The method of claim 435, wherein the carotenoid derivative having the structure 
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OH 

HO^J^OH 




HO^r^OH 
OH 



R 



where each R is independently -alkyl-NRV, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 



i + 



phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



464. The method of claim 435, wherein the carotenoid derivative having the structure 



O 



x .O^R' n ^X Q 




O 



where each X is independently -alkyl-NR-V, -aromatic-NR V> -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



l + 



465. The method of claim 435, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR 1 ^, -aromatic-NRV, -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

466. The method of claim 435, wherein the carotenoid derivative having the structure 




467. The method of claim 435, wherein the carotenoid derivative having the structure 
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O 



468. The method of claim 435, wherein the carotenoid derivative having the structure 




II 

o 



469. The method of claim 435, wherein the carotenoid derivative having the structure 

O 




OH 



470. The method of claim 435, wherein the carotenoid derivative having the structure 

O 



Na + -O 




O" Na + 



47 1 . The method of claim 435, wherein the carotenoid derivative having the structure 

O OH 

HO 




472. The method of claim 435, wherein the carotenoid derivative having the structure 

O OH 
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473. The method of claim 435, wherein the carotenoid derivative having the structure 

O 




OH 



474. The method of claim 435, wherein the carotenoid derivative having the structure 
+Na-Q ,0 




0-Na+ 



475. The method of claim 435, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



476. The method of claim 435, wherein the carotenoid derivative having the structure 

O 



If " 






o 




o 




477. The method of claim 435, wherein the carotenoid derivative having the structure 

O 



O 
ii 

MeO-f" 
MeO 




n OMe 
U ^ p^OMe 
ii 
O 



478. The method of claim 435, wherein the carotenoid derivative having the structure 
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479. The method of claim 435, wherein the carotenoid derivative having the structure 



HO 




OH 



480. The method of claim 435, wherein the carotenoid derivative having the structure 



HO 




OH 



48 1 . The method of claim 435, wherein the carotenoid derivative having the structure 



HO 




OH 



482. The method of claim 435, wherein the carotenoid derivative having the structure 

O 



HO 




OH 



483. The method of claim 435, wherein the carotenoid derivative having the structure 

o 



o h< y°° 




OH 



484. The method of claim 435, wherein the carotenoid derivative having the structure 
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HO 



The method of claim 435, wherein the carotenoid derivative having the structure 




OH 



The method of claim 435, wherein the carotenoid derivative having the structure 

o 



HO 




OH 



The method of claim 435, wherein the carotenoid derivative having the structure 



OH O 



HO 




OH 



The method of claim 435, wherein the carotenoid derivative having the structure 




OH OH O 

,o 



The method of claim 435, wherein the carotenoid derivative having the structure 



QH OH 



Ho-^Y^r^°Y^ Jlvo ' 



OH OH O 




OH OH 



OH OH 



OH 



The method of claim 435, wherein the carotenoid derivative having the structure 




OH 



The method of claim 435, wherein the carotenoid derivative having the structure 
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The method of claim 435, wherein the carotenoid derivative having the structure 




oh oh o 



The method of claim 435, wherein the carotenoid derivative having the structure 



o 




o 



The method of claim 435, wherein the carotenoid derivative having the structure 




The method of claim 435, wherein the carotenoid derivative having the structure 




OH OH O 



The method of claim 435, wherein the carotenoid derivative having the structure 




The method of claim 435, wherein the carotenoid derivative having the structure 




The method of claim 435, wherein the carotenoid derivative having the structure 
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H 2 N 



The method of claim 435, wherein the carotenoid derivative having the structure 




OH 



The method of claim 435, wherein the carotenoid derivative having the structure 




A method of treating a liver disease with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 



Y 




Y 



where each Y is independently O or H 2 ; 
where each R is independently OR 1 or R 1 ; 
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where each R 1 is independently -alkyl-NRV> -aromatic-NRV\ -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid- 

NH 3 + , -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 

where each R 2 is independently H, alkyl, or aryl. 

503. The method of claim 502, wherein the carotenoid derivative is at least partially water soluble. 

504. The method of claim 502, wherein the liver disease is associated with Hepatitis C. 

505. The method of claim 502, wherein Y is H 2 , the carotenoid derivative having the structure 




R 



506. The method of claim 502, wherein Y is O, the carotenoid derivative having the structure 



O 




O 



507. The method of claim 502, wherein the carotenoid derivative further comprises at least one chiral center. 

508. A method of treating a liver disease with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 

wherein the carotenoid derivative has the structure 

Y O 




O 



where each Y is independently O or H 2 ; 
where each R is independently H, alkyl, or aryl. 

509. The method of claim 508, wherein the carotenoid derivative is at least partially water soluble. 

5 10. The method of claim 508, wherein the liver disease is associated with Hepatitis C. 

511. The method of claim 508, wherein Y is H 2 , the carotenoid derivative having the structure 



162 




512. The method of claim 508, wherein Y is O, the carotenoid derivative having the structure 

O 



R' 



OH 




513. The method of claim 508, wherein the carotenoid derivative further comprises at least one chiral center. 



514. A method of treating a liver disease with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 



O 

X^0^R' n ^X o 




where each Y is independently O or H 2 ; 

where R' is CH 2 ; 

where n is 1 to 9; 

where each X is independently 

OH 

O O ff ff H 0v ^OH 

where each R is independently -alkyl-NR^, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid- 
NH 3 \ -phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R 1 is independently H, alkyl, or aryl. 



515. The method of claim 514, wherein the carotenoid derivative is at least partially water soluble. 



516. The method of claim 5 14, wherein Y is H 2 , the carotenoid derivative having the structure 

Q \^ ^^"^ ^ ^> /""^N. ^\ ^ O 

x .O^R' n ^X 
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The method of claim 514, wherein Y is O, the carotenoid derivative having the structure 



O 




O 



The method of claim 514, wherein the carotenoid derivative further comprises at least one chiral center. 
The method of claim 514, wherein the liver disease is associated with Hepatitis C. 

A method of treating a liver disease with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 




where each Y is independently O or H 2 . 



The method of claim 520, wherein the carotenoid derivative is at least partially water soluble. 

The method of claim 520, wherein the liver disease is associated with Hepatitis C. 

The method of claim 520, wherein Y is H 2 , the carotenoid derivative having the structure 




The method of claim 520, wherein Y is O, the carotenoid derivative having the structure 
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525. The method of claim 520, wherein the carotenoid derivative further comprises at least one chiral center. 

526. A method of treating arrhythmia with a chemical composition comprising a carotenoid derivative, 
comprising administering the carotenoid derivative to a subject; 

wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

,R 1 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 

-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 



527. The method of claim 526, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

528. The method of claim 526, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

529. The method of claim 526, wherein the carotenoid derivative is at least partially water soluble. 

530. The method of claim 526, wherein the substituent is at least partially hydrophilic. 

53 1 . The method of claim 526, further comprising increasing connexin 43 expression. 

532. The method of claim 526, further comprising increasing intercellular gap junctional communication. 

533. The method of claim 526, wherein the subject is a mammal. 

534. The method of claim 526, wherein the subject is human. 

535. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

536. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 
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537. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

538. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

539. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

540. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

541. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

542. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

543. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

544. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

545. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

546. The method of claim 526, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

547. The method of claim 526, wherein the cyclic ring further comprises at least one chiral center. 

548. The method of claim 526, wherein the cyclic ring further comprises at least one degree of unsaturation. 

549. The method of claim 526, wherein each cyclic ring is independently 
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, or 




550. The method of claim 526, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

551. The method of claim 526, wherein each substituent is independently 

*Jf *,~J~ -4-*-V^ ~/-jJ<" j* J- OH 

°" • °" . O O H , Or , 
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OH 
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OH 




O 

where each R is independently -alkyl-NR 1 3 + , -aromatic-NR 1 ^ -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

i 

552. The method of claim 526, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

553. The method of claim 526, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

554. The method of claim 526, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NR 1 ^, -aromatic-NR 1 ^, -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

555. The method of claim 526, wherein the carotenoid derivative having the structure 



O O 




where each R is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

556. The method of claim 526, wherein the carotenoid derivative having the structure 
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x -O^R' n Jl. 0 . 

where each X is independently -alkyl-NR^, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-COz", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



557. The method of claim 526, wherein the carotenoid derivative having the structure 

O 



O 



X 




o 



where each X is independently -alkyl-NR^, -aromatic-NR^, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



558. 



The method of claim 526, wherein the carotenoid derivative having the structure 



V-NH HCI O 





N 

H HCI 



559. The method of claim 526, wherein the carotenoid derivative having the structure 



O 
ti 



OH 




II 

o 



560. The method of claim 526, wherein the carotenoid derivative having the structure 




561. The method of claim 526, wherein the carotenoid derivative having the structure 
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O O 




o o 



562. The method of claim 526, wherein the carotenoid derivative having the structure 

O O 




563. The method of claim 526, wherein the carotenoid derivative having the structure 



O OH 




OH O 



564. The method of claim 526, wherein the carotenoid derivative having the structure 



O OH 




OH O 



565. The method of claim 526, wherein the carotenoid derivative having the structure 




566. The method of claim 526, wherein the carotenoid derivative having the structure 



WO 2004/011423 PCT/US2003/023706 




568. The method of claim 526, wherein the carotenoid derivative having the structure 



O o 




570. The method of claim 526, wherein the carotenoid derivative having the structure 




o 



571. The method of claim 526, wherein the carotenoid derivative having the structure 




O 
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572. The method of claim 526, wherein the carotenoid derivative having the structure 

O 




574. The method of claim 526, wherein the carotenoid derivative having the structure 

O 




O 



575. The method of claim 526, wherein the carotenoid derivative having the structure 




576. The method of claim 526, wherein the carotenoid derivative having the structure 



o 




577. The method of claim 526, wherein the carotenoid derivative having the structure 




o 



578. The method of claim 526, wherein the carotenoid derivative having the structure 
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o o r" SH H o 

NH, H O 




OH 



The method of claim 526, wherein the carotenoid derivative having the structure 



OH O 



HO, 




OH 



The method of claim 526, wherein the carotenoid derivative having the structure 




The method of claim 526, wherein the carotenoid derivative having the structure 



OH OH O 

ho-^Y^°Y^^° 



OH OH O 




OH OH 



OH OH 



OH 



The method of claim 526, wherein the carotenoid derivative having the structure 




OH 



The method of claim 526, wherein the carotenoid derivative having the structure 




The method of claim 526, wherein the carotenoid derivative having the structure 




OH 



The method of claim 526, wherein the carotenoid derivative having the structure 



173 



WO 2004/011423 



PCT/US2003/023706 



I c 
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The method of claim 526, wherein the carotenoid derivative having the structure 




The method of claim 526, wherein the carotenoid derivative having the structure 




OH 



OH OH 



The method of claim 526, wherein the carotenoid derivative having the structure 



oh H o 

HO^ N Y^^O 



HO^ ° 




OH 



The method of claim 526, wherein the carotenoid derivative having the structure 



OH 



OH H O 



HO"' ° 




The method of claim 526, wherein the carotenoid derivative having the structure 



HO OH 



H 2 N 




U 

V^OH 



The method of claim 526, wherein the carotenoid derivative having the structure 



OH 



HO. 




HO 
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ho^y^y 
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OH 
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592. The method of claim 526, wherein the carotenoid derivative having the structure 



o o 




593. The method of claim 526, wherein the carotenoid derivative having the structure 



OH 




594. A method of treating cancerous and pre-cancerous cell(s) with a chemical composition comprising a 
carotenoid derivative, comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 



R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 

595. The method of claim 594, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

596. The method of claim 594, wherein each of the substituents — W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

597. The method of claim 594, wherein the carotenoid derivative is at least partially water soluble. 

598. The method of claim 594, wherein the substituent is at least partially hydrophilic. 
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599. The method of claim 594, further comprising reducing the proliferation rate of cancerous and pre- 
cancerous cell(s). 

600. The method of claim 594, wherein cancerous cell(s) comprise carcinogen-initiated cell(s). 

601. The method of claim 594, further comprising increasing connexin 43 expression. 

602. The method of claim 594, further comprising increasing intercellular gap junctional communication. 

603. The method of claim 594, wherein the subject is a mammal. 

604. The method of claim 594, wherein the subject is human. 

605. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

606. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

607. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

608. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

609. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

610. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

611. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

612. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 
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The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 

administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 



614. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

615. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

616. The method of claim 594, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

617. The method of claim 594, wherein the cyclic ring further comprises at least one chiral center. 

618. The method of claim 594, wherein the cyclic ring further comprises at least one degree of unsaturation. 

619. The method of claim 594, wherein each cyclic ring is independently 



O 




620. The method of claim 594, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



621 . The method of claim 594, wherein each substituent is independently 
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O 

where each R is independently -alkyl-NRV, -aromatic 1 NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 



622. The method of claim 594, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

623. The method of claim 594, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

624. The method of claim 594, wherein the carotenoid derivative having the structure 
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O 




where each R is independently -alkyl-NR 1 /, - aromatic -NR^, -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

625. The method of claim 594, wherein the carotenoid derivative having the structure 




O O 

where each R is independently -alkyl-NRV, -aromatic-NR 1 ^ -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

626. The method of claim 594, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NR 1 ^, - aromatic -NR^*, -alkyl-C0 2 ', -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 *, polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

627. The method of claim 594, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

628. The method of claim 594, wherein the carotenoid derivative having the structure 
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629. The method of claim 594, wherein the carotenoid derivative having the structure 




630. The method of claim 594, wherein the carotenoid derivative having the structure 




631. The method of claim 594, wherein the carotenoid derivative having the structure 



O O 




o o 

632. The method of claim 594, wherein the carotenoid derivative having the structure 

O O 




O O 

633. The method of claim 594, wherein the carotenoid derivative having the structure 

O OH 




OH O 
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634. The method of claim 594, wherein the carotenoid derivative having the structure 




635. The method of claim 594, wherein the carotenoid derivative having the structure 

O 




636. The method of claim 594, wherein the carotenoid derivative having the structure 

O 



+Na-0 O 




OH 



0-Na+ 



637. The method of claim 594, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



638. The method of claim 594, wherein the carotenoid derivative having the structure 

o 

.o 



o 





o 



o 




639. The method of claim 594, wherein the carotenoid derivative having the structure 
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O 
II 

MeO 




640. 



The method of claim 594, wherein the carotenoid derivative having the structure 

o 

.,,-'->^_ ^v^. >NX AX A X ....>,. ..>.._ 1 I 




641 . The method of claim 594, wherein the carotenoid derivative having the structure 



HO 




OH 



642. The method of claim 594, wherein the carotenoid derivative having the structure 



HO 




OH 



643. The method of claim 594, wherein the carotenoid derivative having the structure 



HO 




OH 



644. The method of claim 594, wherein the carotenoid derivative having the structure 

O 



HO 




OH 
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The method of claim 594, wherein the carotenoid derivative having the structure 

o 




The method of claim 594, wherein the carotenoid derivative having the structure 



OH 




OH 



The method of claim 594, wherein the carotenoid derivative having the structure 




The method of claim 594, wherein the carotenoid derivative having the structure 

o 



o o r^ SH ,, o 

NH, A O 




OH 



The method of claim 594, wherein the carotenoid derivative having the structure 

O OH O 

*rV- 

>^ „~i>„ _^..„ ^ J 

OH O 

ho yYo- 
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O OH 



The method of claim 594, wherein the carotenoid derivative having the structure 



OH OH O 
HO^\^°Y'' V ^0- 



OH OH O 




OH 



The method of claim 594, wherein the carotenoid derivative having the structure 



HO 




O OH OH 



OH OH 



OH OH 



OH OH 



The method of claim 594, wherein the carotenoid derivative having the structure 
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The method of claim 594, wherein the carotenoid derivative having the structure 




OH OH O 



The method of claim 594, wherein the carotenoid derivative having the structure 



o 




o 



The method of claim 594, wherein the carotenoid derivative having the structure 




The method of claim 594, wherein the carotenoid derivative having the structure 




OH OH O 



The method of claim 594, wherein the carotenoid derivative having the structure 

o o 




The method of claim 594, wherein the carotenoid derivative having the structure 
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OH H O 



HO^ ° 




OH 



The method of claim 594, wherein the carotenoid derivative having the structure 



HO OH 
H,N 




The method of claim 594, wherein the carotenoid derivative having the structure 



OH 



HO. 



HO^Y^' 

hoVy 0 

HO-^Y^OH 




HO^A^OH 
°Y^OH 



OH 



The method of claim 594, wherein the carotenoid derivative having the structure 




OH 



The method of claim 594, wherein the carotenoid derivative having the structure 



OH 




OH 



A method of increasing connexin 43 expression with a chemical composition comprising a carotenoid 
derivative, comprising administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R3 R 3 r3 

r2 YWvVWvV r1 

R 3 R 3 R 3 R3 R 3 R3 & R 3 
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where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 



where n is 4 to 10 carbon atoms; and 
where W is the substituent, 

665. The method of claim 664, wherein each of the substituents — W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

666. The method of claim 664, wherein each of the substituents — W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

667. The method of claim 664, wherein the carotenoid derivative is at least partially water soluble. 

668. The method of claim 664, wherein the substituent is at least partially hydrophilic. 

669. The method of claim 664, further comprising reducing a proliferation rate of cancerous and pre-cancerous 



670. The method of claim 664, further comprising reducing a proliferation rate of cancerous cell(s), wherein 
cancerous cell(s) comprise carcinogen-initiated cell(s). 

67 1 . The method of claim 664, further comprising treating an ischemia-reperfusion injury. 

672. The method of claim 664, further comprising increasing intercellular gap junctional communication. 

673. The method of claim 664, wherein the subject is a mammal. 

674. The method of claim 664, wherein the subject is human. 

675. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

676. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 




cell(s). 
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677. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

678. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

679. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

680. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

681. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

682. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

683. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

684. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

685. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

686. The method of claim 664, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

687. The method of claim 664, wherein the cyclic ring further comprises at least one chiral center. 

688. The method of claim 664, wherein the cyclic ring further comprises at least one degree of unsaturation. 

689. The method of claim 664, wherein each cyclic ring is independently 
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,or 




690. The method of claim 664, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

691. The method of claim 664, wherein each substituent is independently 
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OH 




O 

where each R is independently -alkyl-NRV, -aromatic-NR 1 /, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

692. The method of claim 664, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

693. The method of claim 664, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

694. The method of claim 664, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 /, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

695. The method of claim 664, wherein the carotenoid derivative having the structure 



O O 




O O 

where each R is independently -alkyl-NR^*, -aromatic-NR 1 /, -alkyl-C0 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

696. The method of claim 664, wherein the carotenoid derivative having the structure 
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where each X is independently -alkyl-NRV, -aromatic-NR 1 /, -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

697. The method of claim 664, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR 1 /* -aromatic-NR 1 ^, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

698. The method of claim 664, wherein the carotenoid derivative having the structure 




699. The method of claim 664, wherein the carotenoid derivative having the structure 




700. The method of claim 664, wherein the carotenoid derivative having the structure 




701. The method of claim 664, wherein the carotenoid derivative having the structure 
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0 O 




O O 



702. The method of claim 664, wherein the carotenoid derivative having the structure 



O O 




O 



703. The method of claim 664, wherein the carotenoid derivative having the structure 



O OH 




OH O 



704. The method of claim 664, wherein the carotenoid derivative having the structure 



O OH 




OH O 



705. The method of claim 664, wherein the carotenoid derivative having the structure 




706. The method of claim 664, wherein the carotenoid derivative having the structure 
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ONa+ 



707. The method of claim 664, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



708. The method of claim 664, wherein the carotenoid derivative having the structure 
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709. The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 
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711. The method of claim 664, wherein the carotenoid derivative having the structure 



HO 




OH 
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712. The method of claim 664, wherein the carotenoid derivative having the structure 



HO 




OH 



713. The method of claim 664, wherein the carotenoid derivative having the structure 



HO 




OH 



714. The method of claim 664, wherein the carotenoid derivative having the structure 



HO 
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OH 



715. The method of claim 664, wherein the carotenoid derivative having the structure 




716. The method of claim 664, wherein the carotenoid derivative having the structure 




OH 



717. The method of claim 664, wherein the carotenoid derivative having the structure 




718. The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 



OH OH 




The method of claim 664, wherein the carotenoid derivative having the structure 




The method of claim 664, wherein the carotenoid derivative having the structure 




The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 
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The method of claim 664, wherein the carotenoid derivative having the structure 




The method of claim 664, wherein the carotenoid derivative having the structure 




The method of claim 664, wherein the carotenoid derivative having the structure 



Q o 




The method of claim 664, wherein the carotenoid derivative having the structure 



OH 




OH 



195 



WO 2004/011423 



PCT/US2003/023706 



732. The method of claim 664, wherein the carotenoid derivative having the structure 



o o 




733. The method of claim 664, wherein the carotenoid derivative having the structure 



OH 




734. A method of treating cancerous and pre-cancerous cell(s) with a chemical composition comprising a 
carotenoid derivative, comprising: 
administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 



R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 



where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 




where n is 4 to 10 carbon atoms; and 
where W is the substituent; and 
increasing connexin 43 expression. 

735. The method of claim 734, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

736. The method of claim 734, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

737. The method of claim 734, wherein the carotenoid derivative is at least partially water soluble. 
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738. The method of claim 734, wherein the substituent is at least partially hydrophilic. 

739. The method of claim 734, further comprising reducing a proliferation rate of cancerous and pre-cancerous 
cell(s). 

740. The method of claim 734, further comprising reducing a proliferation rate of cancerous cell(s), wherein 
cancerous cell(s) comprise carcinogen-initiated cell(s). 

741 . The method of claim 734, further comprising increasing intercellular gap junctional communication. 

742. The method of claim 734, wherein the subject is a mammal. 

743. The method of claim 734, wherein the subject is human. 

744. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

745. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

746. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

747. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

748. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

749. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

750. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

751. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 
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752. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

753. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

754. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

755. The method of claim 734, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

756. The method of claim 734, wherein the cyclic ring further comprises at least one chiral center. 

757. The method of claim 734, wherein the cyclic ring further comprises at least one degree of unsaturation. 

758. The method of claim 734, wherein each cyclic ring is independently 

O 




,or 




759. 



The method of claim 734, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



760. The method of claim 734, wherein each substituent is independently 
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O OH , O OH OH O 




O 

where each R is independently -alkyl-NRV, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

761. The method of claim 734, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

762. The method of claim 734, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

763. The method of claim 734, wherein the carotenoid derivative having the structure 
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O 




where each R is independently -alkyl-NRV, -aromatic -NR 1 ^, -alkyl-CC> 2 ", -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryL 

764. The method of claim 734, wherein the carotenoid derivative having the structure 



O O 




O 



where each R is independently -alkyl-NRV, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

765. The method of claim 734, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NR 1 ^, -aromatic-NRV, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

766. The method of claim 734, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

767. The method of claim 734, wherein the carotenoid derivative having the structure 
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768. 




769. The method of claim 734, wherein the carotenoid derivative having the structure 




770. The method of claim 734, wherein the carotenoid derivative having the structure 



O O 




o o 



77 1 . The method of claim 734, wherein the carotenoid derivative having the structure 



O O 




772. The method of claim 734, wherein the carotenoid derivative having the structure 



O OH 




OH O 



773. The method of claim 734, wherein the carotenoid derivative having the structure 
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O OH 




OH O 

774. The method of claim 734, wherein the carotenoid derivative having the structure 




775. The method of claim 734, wherein the carotenoid derivative having the structure 




O O 

778. The method of claim 734, wherein the carotenoid derivative having the structure 
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779. The method of claim 734, wherein the carotenoid derivative having the structure 



HO 




780. The method of claim 734, wherein the carotenoid derivative having the structure 



HO 




OH 



781. The method of claim 734, wherein the carotenoid derivative having the structure 



HO 




OH 



782. The method of claim 734, wherein the carotenoid derivative having the structure 



HO 




OH 



783. The method of claim 734, wherein the carotenoid derivative having the structure 



O O 





o o 
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OH 
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The method of claim 734, wherein the carotenoid derivative having the structure 

o 



OH 




The method of claim 734, wherein the carotenoid derivative having the structure 




OH 



The method of claim 734, wherein the carotenoid derivative having the structure 
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The method of claim 734, wherein the carotenoid derivative having the structure 
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The method of claim 734, wherein the carotenoid derivative having the structure 



OH OH 



OH OH O 




The method of claim 734, wherein the carotenoid derivative having the structure 
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OH OH 
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The method of claim 734, wherein the carotenoid derivative having the structure 
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The method of claim 734, wherein the carotenoid derivative having the structure 




The method of claim 734, wherein the carotenoid derivative having the structure 
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OH 



The method of claim 734, wherein the carotenoid derivative having the structure 




The method of claim 734, wherein the carotenoid derivative having the structure 




OH 



The method of claim 734, wherein the carotenoid derivative having the structure 



HO 




OH 



OH OH 



The method of claim 734, wherein the carotenoid derivative having the structure 
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The method of claim 734, wherein the carotenoid derivative having the structure 
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The method of claim 734, wherein the carotenoid derivative having the structure 




o 

OH 



The method of claim 734, wherein the carotenoid derivative having the structure 



OH 




OH 



The method of claim 734, wherein the carotenoid derivative having the structure 




A method of treating arrhythmia with a chemical composition comprising a carotenoid derivative, 
comprising: 

administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 
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R 1 



R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R* 
where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 




where n is 4 to 10 carbon atoms; and 
where W is the substituent; and 
increasing connexin 43 expression. 

804. The method of claim 803, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

805. The method of claim 803, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

806. The method of claim 803, wherein the carotenoid derivative is at least partially water soluble. 

807. The method of claim 803, wherein the substituent is at least partially hydrophilic. 

808. The method of claim 803, further comprising increasing intercellular gap junctional communication. 

809. The method of claim 803, wherein the subject is a mammal. 

810. The method of claim 803, wherein the subject is human. 

811. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

812. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

813. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

814. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 
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815. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

816. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

817. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

818. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

8 19. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

820. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1 .0 g per day. 

821. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

822. The method of claim 803, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

823. The method of claim 803, wherein the cyclic ring further comprises at least one chiral center. 

824. The method of claim 803, wherein the cyclic ring further comprises at least one degree of unsaturation. 

825. The method of claim 803, wherein each cyclic ring is independently 



O 




826. The method of claim 803, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 

827. The method of claim 803, wherein each substituent is independently 
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OH 




O 

where each R is independently -alkyl-NR^" 1 ", -aromatic -NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ~, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

828. The method of claim 803, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

829. The method of claim 803, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

830. The method of claim 803, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NRV, -aromatic-NR^" 1 ", -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

831. The method of claim 803, wherein the carotenoid derivative having the structure 




where each R is independently -alkyl-NR ! 3 + , -aromatic-NR^*, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 "\ - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

832. The method of claim 803, wherein the carotenoid derivative having the structure 
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where each X is independently -alkyl-NR 1 /* -aromatic-NRV> -alkyl-C0 2 ~, -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 



i + 



833. The method of claim 803, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR^ 4 ", -aromatic -NR^, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

834. The method of claim 803, wherein the carotenoid derivative having the structure 




835. The method of claim 803, wherein the carotenoid derivative having the structure 




836. The method of claim 803, wherein the carotenoid derivative having the structure 




837. The method of claim 803, wherein the carotenoid derivative having the structure 
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838. The method of claim 803, wherein the carotenoid derivative having the structure 
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839. The method of claim 803, wherein the carotenoid derivative having the structure 

O OH 




840. The method of claim 803, wherein the carotenoid derivative having the structure 
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841. The method of claim 803, wherein the carotenoid derivative having the structure 

O 




OH 



842. The method of claim 803, wherein the carotenoid derivative having the structure 
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843. The method of claim 803, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



844. The method of claim 803, wherein the carotenoid derivative having the structure 

O 



o 
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845. The method of claim 803, wherein the carotenoid derivative having the structure 
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846. The method of claim 803, wherein the carotenoid derivative having the structure 



HO. 




847. The method of claim 803, wherein the carotenoid derivative having the structure 



HO 




OH 
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848. The method of claim 803, wherein the carotenoid derivative having the structure 
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849. The method of claim 803, wherein the carotenoid derivative having the structure 
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850. The method of claim 803, wherein the carotenoid derivative having the structure 



O 




O 



851. The method of claim 803, wherein the carotenoid derivative having the structure 




852. The method of claim 803, wherein the carotenoid derivative having the structure 




853. The method of claim 803, wherein the carotenoid derivative having the structure 
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854. The method of claim 803, wherein the carotenoid derivative having the structure 
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The method of claim 803, wherein the carotenoid derivative having the structure 
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The method of claim 803, wherein the carotenoid derivative having the structure 
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OH OH O 




The method of claim 803, wherein the carotenoid derivative having the structure 
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The method of claim 803, wherein the carotenoid derivative having the structure 




OH 



The method of claim 803, wherein the carotenoid derivative having the structure 




The method of claim 803, wherein the carotenoid derivative having the structure 
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The method of claim 803, wherein the carotenoid derivative having the structure 
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862. The method of claim 803, wherein the carotenoid derivative having the structure 




863. The method of claim 803, wherein the carotenoid derivative having the structure 




OH OH O 



864. The method of claim 803, wherein the carotenoid derivative having the structure 

o o 




865. The method of claim 803, wherein the carotenoid derivative having the structure 




866. The method of claim 803, wherein the carotenoid derivative having the structure 




H 2 N 



867. The method of claim 803, wherein the carotenoid derivative having the structure 




OH 
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The method of claim 803, wherein the carotenoid derivative having the structure 

o o 



HO. 




OH 



The method of claim 803, wherein the carotenoid derivative having the structure 



OH 




A method of reducing C-reactive protein with a chemical composition comprising a carotenoid derivative, 
comprising: 

administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R 3 is independently hydrogen or methyl; 

where R 1 and R 2 are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 

-W 




where n is 4 to 10 carbon atoms; and 
where W is the substituent. 

The method of claim 870, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

The method of claim 870, wherein each of the substituents -W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 



The method of claim 870, wherein the carotenoid derivative is at least partially water soluble. 



The method of claim 870, wherein the substituent is at least partially hydrophilic. 
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875. The method of claim 870, further comprising increasing intercellular gap junctional communication. 

876. The method of claim 870, wherein the subject is a mammal. 

877. The method of claim 870, wherein the subject is human. 

878. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

879. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

880. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to 1.0 g per 
day. 

881. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

882. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

883. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1.0 g 
per day. 

884. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

885. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

886. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

887. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 
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888. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 

889. The method of claim 870, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

890. The method of claim 870, wherein the cyclic ring further comprises at least one chiral center. 

89 1 . The method of claim 870, wherein the cyclic ring further comprises at least one degree of unsaturation. 

892. The method of claim 870, wherein each cyclic ring is independently 



O 




893. The method of claim 870, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



894. The method of claim 870, wherein each substituent is independently 
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O 

where each R is independently -alkyl-NRV, -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

895. The method of claim 870, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

896. The method of claim 870, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

897. The method of claim 870, wherein the carotenoid derivative having the structure 



O 




O 

where each R is independently -alkyl-NR 1 /, -aromatic-NR 1 ^, -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 
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898. The method of claim 870, wherein the carotenoid derivative having the structure 




O 



where each R is independently -alkyl-NR 1 /* -aromatic-NR 1 /, -alkyl-C0 2 , -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

899. The method of claim 870, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NRV, -aromatic-NRV, -alkyl-C0 2 \ -aromatie-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

900. The method of claim 870, wherein the carotenoid derivative having the structure 



O 



X 




O 



where each X is independently -alkyl-NRV, -aromatic-NR 1 /, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently —alkyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

901. The method of claim 870, wherein the carotenoid derivative having the structure 




902. The method of claim 870, wherein the carotenoid derivative having the structure 
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903. The method of claim 870, wherein the carotenoid derivative having the structure 




II 

o 



904. The method of claim 870, wherein the carotenoid derivative having the structure 

O 




OH 



905. The method of claim 870, wherein the carotenoid derivative having the structure 
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906. The method of claim 870, wherein the carotenoid derivative having the structure 
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907, The method of claim 870, wherein the carotenoid derivative having the structure 

O 




222 



WO 2004/011423 



PCT/US2003/023706 



908. The method of claim 870, wherein the carotenoid derivative having the structure 
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O OH . 



909. The method of claim 870, wherein the carotenoid derivative having the structure 
+Na-Q ,0 




0-Na+ 



910. The method of claim 870, wherein the carotenoid derivative having the structure 



NH 2 HCI 



HCI H 2 N 




NH 2 HCI 



HCI H 2 N 



911. The method of claim 870, wherein the carotenoid derivative having the structure 

O 




o 




o 



912. The method of claim 870, wherein the carotenoid derivative having the structure 
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MeO 




913. The method of claim 870, wherein the carotenoid derivative having the structure 
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914. The method of claim 870, wherein the carotenoid derivative having the structure 




OH 
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915. The method of claim 870, wherein the carotenoid derivative having the structure 



O 




O 



917. The method of claim 870, wherein the carotenoid derivative having the structure 



O 




O 



918. The method of claim 870, wherein the carotenoid derivative having the structure 




919. The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 




OH 



The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 




OH 



The method of claim 870, wherein the carotenoid derivative having the structure 

o 




The method of claim 870, wherein the carotenoid derivative having the structure 




OH 



The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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The method of claim 870, wherein the carotenoid derivative having the structure 
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934. The method of claim 870, wherein the carotenoid derivative having the structure 




OH 



935. The method of claim 870, wherein the carotenoid derivative having the structure 




OH 




937. A method of treating disease with a chemical composition comprising a carotenoid derivative, comprising: 
administering the carotenoid derivative to a subject; 
wherein the carotenoid derivative has the structure 

R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 

R 1 




R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 R 3 
where each R 3 is independently hydrogen or methyl; 

where R and R are independently H, an acyclic alkene comprising at least one substituent, or a cyclic ring 
comprising at least one substituent, wherein the cyclic ring having general structure: 
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l-W 

'n 

7 

where n is 4 to 10 carbon atoms; and 
where W is the substituent; 

wherein the disease produces reactive oxygen species. 

938. The method of claim 937, wherein each of the substituents -W independently comprises -XR, wherein 
each X independently comprises O, N, or S. 

939. The method of claim 937, wherein each of the substituents — W independently comprises amino acids, 
esters, carbamates, amides, carbonates, alcohol, phosphates, or sulfonates. 

940. The method of claim 937, wherein the carotenoid derivative is at least partially water soluble. 

941 . The method of claim 937, wherein the substituent is at least partially hydrophilic. 

942. The method of claim 937, further comprising increasing intercellular gap junctional communication. 

943. The method of claim 937, wherein the disease comprises age-related macular degeneration (ARMD), 
retinal detachment, hypertensive retinal disease, uveitis, choroiditis, vitreitis, ocular hemorrhage, 
degenerative retinal damage, cataractogenesis, cataracts, retinopathy of prematurity, Meuniere's disease, 
drug-induced ototoxicity, infectious otitis, idiopathic otitis, otitis media, infectious sinusitis, allergic 
sinusitis, or head and neck cancer. 

944. The method of claim 937, wherein the disease comprises senile dementia, Alzheimer's disease, Neuman- 
Pick's disease, neurotoxin reactions, hyperbaric oxygen effects, Parkinson's disease, cerebral trauma, 
spinal cord trauma, hypertensive cerebrovascular injury, stroke, infectious encephalitis, meningitis, allergic 
encephalomyelitis, multiple sclerosis, neuronal ceroid lipofuscinoses, ataxia-telangiectasia syndrome, 
metal overload, amyotrophic lateral sclerosis (ALS), primary brain carcinoma/malignancy, or brain 
metastases. 

945. The method of claim 937, wherein the disease comprises arteriosclerosis, atherosclerosis, peripheral 
vascular disease, myocardial infarction, inflammatory heart disease, cardiomyopathies, cardiac arrhythmia, 
drug toxicity, Keshan disease, trypanosomiasis, or alcohol cardiomyopathy, chronic stable angina, unstable 
angina, idiopathic surgical injury during CABG and/or PTCA, elevated C-reactive protein (CRP), 
myeloperoxidase (MPO), low-density lipoprotein oxidation (ox-LDL), congestive heart failure (CHF), 
venous stasis and injury, deep venous thrombosis (DVT), or thrombophlebitis. 

946. The method of claim 937, wherein the disease comprises asthma, reactive airways disease, chronic 
obstructive pulmonary disease, hyperoxia, hyperbaric oxygen effects, cigarette smoke inhalation effects, 
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environmental oxidant pollutant effects, acute respiratory distress syndrome, bronchopulmonary dysplasia, 
mineral dust pneumoconiosis, adriamycin toxicity, bleomycin toxicity, paraquat, chemical pneumonitis, 
idiopathic pulmonary interstitial fibrosis, infectious pneumonia, sarcoidosis, asbestosis, small- and large- 
cell lung cancer, anthrax infection, or anthrax toxin exposure. 

947: The method of claim 937, wherein the disease comprises hypertensive renal disease, end-stage renal 
disease, diabetic renal disease, infectious glomerulonephritis, nephrotic syndrome, allergic 
glomerulonephritis, type I-IV hypersensitivity reactions, renal allograft rejection, nephritic antiglomerular 
basement membrane disease, heavy metal nephrotoxicity, drug-induced nephrotoxicity, rhabdomyolisis, or 
renal carcinoma. 

948. The method of claim 937, wherein the disease comprises carbon tetrachloride liver injury, endotoxin liver 
injury, lipopolysaccharide liver injury, chronic viral infection, hemachromatosis, Wilson's disease, 
acetaminophen overdose, congestive heart failure with hepatic congestion, alcoholic cirrhosis, idiopathic 
cirrhosis, hepatocellular carcinoma, or hepatic metastatic carcinoma. 

949. The method of claim 937, wherein the disease comprises inflammatory bowel disease, Crohn's disease, 
ulcerative colitis, irritable bowel syndrome, colon carcinoma, polyposis, infectious diverticulitis, toxic 
megacolon, gastritis, Helicobacter pylori infection, gastric carcinoma, esophagitis, Barrett's esophagus, 
gastroesophageal reflux disease (GERD), Whipple's disease, gallstone disease, cholecystitis, pancreatitis, 
abetalipoproteinemia, infectious gastroenteritis, dysentery, or non-steroidal anti-inflammatory drug- 
induced toxicity. 

950. The method of claim 937, wherein the disease comprises lead poisoning, drug-induced bone-marrow 
suppression, protoporphyrin photo-oxidation, lymphoma, leukemia, porphyria, parasitic infection, malaria, 
sickle cell anemia, thallasemia, favism, pernicious anemia, Fanconi's anemia, post-infectious anemia, 
idiopathic thrombocytopenic purpura, or autoimmune deficiency syndromes (AIDS). 

95 1 . The method of claim 937, wherein the disease comprises infectious prostatitis, prostate carcinoma, prostate 
carcinoma in-situ, benign prostatic hypertrophy (BPH), urethritis, orchitis, testicular torsion, cervicitis, 
cervical carcinoma, ovarian carcinoma, uterine carcinoma, vaginitis, or vaginismus. 

952. The method of claim 937, wherein the disease comprises osteoarthritis, rheumatoid arthritis, tendonitis, 
muscular dystrophy, degenerative disc disease, degenerative joint disease, exercise-induced skeletal 
muscle injury, carpal tunnel syndrome, Guillan-Barre syndrome, Paget's disease of bone, ankylosing 
spondylitis, or heterotopic bone formation. 

953. The method of claim 937, whereine the disease comprises solar radiation injury, sunburn, thermal injury, 
chemical and contact dermatitis, Rhus dermatitis, psoriasis, Bloom syndrome, leukoplakia, infectious 
dermatitis, or Kaposi's sarcoma. 
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954. The method of claim 937, wherein the reactive oxygen species comprise radicals. 



955. The method of claim 937, wherein the subject is a mammal. 

956. The method of claim 937, wherein the subject is human. 

957. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally. 

958. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 5 to 300 mg per day. 

959. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject parenterally at a dose of about 0.25 mg to L0 g per 
day. 

960. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject. 

961. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 5 to 300 mg per 
day. 

962. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
intracoronary administration of the carotenoid derivative to a subject at a dose of about 0.25 mg to 1 .0 g 
per day. 

963. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject subcutaneously. 

964. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally. 

965. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 5 to 100 mg per day. 

966. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises 
administering the carotenoid derivative to a subject orally at a dose of about 0.25 mg to 1.0 g per day. 

967. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises a dose in 
a range of about 0.25 mg to 1 g. 
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968. The method of claim 937, wherein administering the carotenoid derivative to a subject comprises at least 
two different carotenoid derivatives. 

969. The method of claim 937, wherein the cyclic ring further comprises at least one chiral center. 

970. The method of claim 937, wherein the cyclic ring further comprises at least one degree of unsaturation. 

971. The method of claim 937, wherein each cyclic ring is independently 



O 




972. The method of claim 937, wherein the substituent is a carboxylic acid, an ester, an alkanol, an amine, a 
phosphate, a succinate, a glycinate, an ether, a glucoside, a sugar, or a carboxylate salt. 



973. The method of claim 937, wherein each substituent is independently 
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O OH , O OH OH O 




O 

where each R is independently -alkyl-NR 1 ^ -aromatic-NR 1 ^, -alkyl-C02\ -aromatic-CCV, -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 

974. The method of claim 937, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid. 

975. The method of claim 937, wherein the carotenoid derivative is a derivative of a naturally occurring 
carotenoid, and wherein the naturally occurring carotenoid is lycopene, lycophyll, lycozanthin, 
astaxanthin, beta-carotene, lutein, zeaxanthin, or canthaxanthin. 

976. The method of claim 937, wherein the carotenoid derivative having the structure 



O 




where each R is independently -alkyl-NR 1 3 + , -aromatic-NR 1 3 + , -alkyl-C0 2 \ -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl. 
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977. The method of claim 937, wherein the carotenoid derivative having the structure 



O Q 




O O 

where each R is independently -alkyl-NRV, -aromatic-NRy, -alkyl-C0 2 ", -aromatic-C0 2 ", -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 \ polyethylene glycol, dextran, H, alkyl, or aryl. 

978. The method of claim 937, wherein the carotenoid derivative having the structure 




where each X is independently -alkyl-NRV, -aromatic-NRy, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 \ polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -alky 1-0, alkyl, or aryl; and 
where n is between about 0 and 12. 

979. The method of claim 937, wherein the carotenoid derivative having the structure 



O 




O 



where each X is independently -alkyl-NR 1 /, -aromatic-NRy, -alkyl-C0 2 \ -aromatic-C0 2 \ -amino acid-NH 3 + , - 
phosphorylated amino acid-NH 3 + , polyethylene glycol, dextran, H, alkyl, or aryl; 
where each R' is independently -aikyl-O, alkyl, or aryl; and 
where n is between about 0 and 12. 

980. The method of claim 937, wherein the carotenoid derivative having the structure 




981. The method of claim 937, wherein the carotenoid derivative having the structure 
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982. The method of claim 937, wherein the carotenoid derivative having the structure 




983. The method of claim 937, wherein the carotenoid derivative having the structure 

O O 




o o 



984. The method of claim 937, wherein the carotenoid derivative having the structure 



O O 




O 



985. The method of claim 937, wherein the carotenoid derivative having the structure 



O OH 




OH O 



986. The method of claim 937, wherein the carotenoid derivative having the structure 

O OH 




OH O 
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987. The method of claim 937, wherein the carotenoid derivative having the structure 




988. The method of claim 937, wherein the carotenoid derivative having the structure 




990. The method of claim 937, wherein the carotenoid derivative having the structure 

O O 




992. The method of claim 937, wherein the carotenoid derivative having the structure 
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993. The method of claim 937, wherein the carotenoid derivative having the structure 




O 



994. The method of claim 937, wherein the carotenoid derivative having the structure 



O 




O 



996. The method of claim 937, wherein the carotenoid derivative having the structure 



O 




O 



997. The method of claim 937, wherein the carotenoid derivative having the structure 




998. The method of claim 937, wherein the carotenoid derivative having the structure 
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999. The method of claim 937, wherein the carotenoid derivative having the structure 




o 



1000. The method of claim 937, wherein the carotenoid derivative having the structure 

o 

OH 



NH 2 O O 



1001 . The method of claim 937, wherein the carotenoid derivative having the structure 




1002. The method of claim 937, wherein the carotenoid derivative having the structure 




1003. The method of claim 937, wherein the carotenoid derivative having the structure 

O O OH OH 

O OH OH 

OH OH O O 

1004. The method of claim 937, wherein the carotenoid derivative having the structure 




1005. The method of claim 937, wherein the carotenoid derivative having the structure 
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1006. The method of claim 937, wherein the carotenoid derivative having the structure 




OH 



1007. The method of claim 937, wherein the carotenoid derivative having the structure 

o 




1008. The method of claim 937, wherein the carotenoid derivative having the structure 




OH 



1009. The method of claim 937, wherein the carotenoid derivative having the structure 



OH OH 

OH OH O 




1010. The method of claim 937, wherein the carotenoid derivative having the structure 



OH H O 
HoJ>- N Y^ A 0 



HO^ ° 




°Y^ JisN OH 



1011. The method of claim 937, wherein the carotenoid derivative having the structure 




OH 



OH 



1012. The method of claim 937, wherein the carotenoid derivative having the structure 
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1013. The method of claim 937, wherein the carotenoid derivative having the structure 




1014. The method of claim 937, wherein the carotenoid derivative having the structure 




1015. The method of claim 937, wherein the carotenoid derivative having the structure 



OH 
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